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THE TROLLEYBUS 

By G. F. SINCLAIR, Member.* 





(Paper first received, 6th June, and in revised form 1 st August , 1939, and read before the Northern Ireland Sub-Centre 
21 st November, 1939. The paper would also have been read and discussed before The Institution on the 9th November, 1939, 
but the meeting was cancelled owing to the war.) 


SUMMARY 

The paper relates to the trolleybus and the principles 
upon which this double-deck vehicle is now constructed. 
It is sectionalized under headings dealing with the design 
of the electrical equipment, the chassis transmission gear and 
running units, the construction of the trolleybus as a whole, 
the method of current collection, and the overhead transmis¬ 
sion system. The final section of the paper reviews the 
various factors which have led to the adoption of the trolley¬ 
bus in this country. 

Throughout the paper the schematic diagrams which show 
the connections for the various apparatus described, and the 
drawings of the vehicular components, relate to the latest 
types of trolleybuses. 


INTRODUCTION 

The trolleybus has been adjudged by the Ministry of 
Transport an electric vehicle, and its construction and 
operation are governed by the Ministry’s regulations. Its 
principles are founded on street electric traction practice. 
The supply to the overhead system being 600 volts, direct 
current, the development of the electrical equipment has 
proceeded along conventional lines. 

In this country, single-motor drive to the back axle is 
universal. The rating of the motor selected for the work 
depends upon the duty or load cycle of the services. The 
various routes which may comprise a service are influ¬ 
enced by such known variables as maximum speeds, 
stops per mile, and lie-over times, all of which can be 
shown on speed/time curves. The traffic congestion on 
services cannot be calculated; it is due to delays arising 
from traffic signals, slow-moving traffic, and reduced 
speeds because of road conditions. These unknown 
quantities can be recorded graphically by an instrument 
which can be operated on a vehicle over the routes and 
will produce a service speed/time curve taking care of 
all variables. With this information the rating of the 
motor can be established, but as a check to determine 
the capacity of the motor in relation to the services, tests 
are usually carried out to measure the root mean square 
currents and motor temperatures when operating under 
service conditions. For these tests the thermal-storage 
r.m.s. meters measure the main and shunt fields r.m.s. 
currents. Thermometer measurements are recorded of 
the field and armature temperatures. 

Tests have been taken with a trolleybus, equipped 
with a single compound motor arranged for rheostatic 
braking, and loaded to II tons 12 cwt., on a level 
route which could be termed heavy-duty and congested. 
The schedule speed of the route was 10-79m.p.h., and 
the average speed, i.e. excluding standing time at 
termini, was 11-45 m.p.h. The loadings can be con¬ 


sidered to be above the average at 25 passengers per car 
mile, and the proportion of time at rest in relation to 
running time (excluding tiniest termini) was 12 per cent. 
The r.m.s. armature-current vadue was 103 amperes, the 
shunt-field current 3 amperes, and the highest tempera¬ 
ture-rise (by thermometer) was 70 deg. C. in the main 
field and interpole. The characteristics of services have 
been found to have sufficient similarity to allow for 
standardization on 3-axle trolleybuses weighing laden 
13| tons with a 95-h.p. motor rated at 550 volts and 
with a lower-rated machine for use of two-axle vehicles. 

The driving of the trolleybus resembles that of an 
automobile, but with two pedals instead of three. 
Electromagnetic contactors are controlled by a pedal- 
operated master controller. The control gear has been 
developed for use with a single driving motor, which 
avoids the complication of series-parallel control. Com¬ 
paring a single-motor drive with the use of two motors, 
the loss of energy in the starting resistances in the 
case of the single motor is more than offset by the mech¬ 
anical and electrical advantages in regard to maintenance 
and lower capital cost. The yearly cost of energy for a 
trolleybus taking energy at 0-5d. per unit amounts to 
some £286, assuming an annual mileage of 50 000. The 
saving which would result from the use of series-parallel 
control would be in the neighbourhood of 8 per cent, the 
precise figure depending upon the service. 

The explanation given later in the paper of the details 
of the development for the suppression of radio inter¬ 
ference generated by trolleybuses, shows that consider¬ 
able attention has been paid to this field, to ensure uni¬ 
form suppression over all broadcast bands. 

The overhead system is constructed for feeding in 
sections not more than \ mile in length, and in many 
cases the supply is not earthed. This unearthed 
method of distribution has the advantage of minimizing 
the effect of the accidental earthing of a conductor, and 
of limiting the maximum leakage current on the vehicles. 

ELECTRICAL EQUIPMENT 
Motor 

The type of motor which is most suitable for trolleybus 
work has a wide range of speed variation and limited 
maximum values of braking torque. In the earlier 
equipments use was not made of electrical or dynamic 
braking, but this practice was found to result in excessive 
brake-lining and brake-drum wear with heavy vehicles on 
services with frequent stops. The necessity for retarding 
the vehicle by reversing the torque of the motor forced 
the trend of development towards a machine the charac¬ 
teristics of which enabled the desirable features of 
acceleration and retardation to be embodied in the 
design of the motor. 

15 


* London Passenger Transport Board. 
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With single-motor equipments, field regulation is 
practised. The speed on the level with full field and with 
the line resistance cut out is approximately 12m.p.h. 
Such performance can be met by either the regulated- 
field series motor or by a compound motor, both machines 
running 'as series motors at the maximum speed. The 
method of field-weakening adopted in order to reach th<? 
maximum speed is that of field shunting or tapping in 
the case of the series motor, and that of inserting resis¬ 
tance in the shunt field and diverting the series field in a 
compound machine. 

With the regulated-field series-wound motor acting as 


wheel-skidding and limits the stresses which can be 
applied to the transmission system. 

The characteristic of the compound motor permits of 
regeneration to the line being obtained on the accelerator 
pedal, which can effectively reduce the speed of the 
vehicle to 16 m.p.h. A transmission brake on a trolley¬ 
bus which has a retarding torque of a value less than the 
maximum accelerating torque and is operated by the 
backward movement of the power pedal is a valuable 
asset in driving. When the supply line is receptive, this 
regenerated current results in a reduction in energy 
consumption. 



SPEED, M. P H. 

Fig . i.—Rheostatic braking curves for similarly-rated series, compound, and shunt-wound trolleybus motors. 

A. Series motor. 

B. Compound motor. ._ c _, , . . 

C. Shunt-wound motor {shunt winding used primarily for brakin B ). 


a series generator on rheostatic braking, excessive braking 
torques are difficult to control at high speed, although by 
the use of current-limiting relays the maximum braking 
currents can be limited. Rheostatic braking curves are 
shown in Fig. 1; for the series generator five braking 
curves are given, arranged so that the average value of 
the braking is approximately the same as that obtained 
with the compound motor. The other curves have been 
taken on similar-capacity motors, and the irregular 
nature of the braking with the series motor as compared 
with the even braking of the compound motor is apparent. 

On rheostatic braking, with a compound-wound motor, 
compound excitation controls the braking currents. 
During braking, the series field opposes the shunt field, 
and it is this action of the series field which gives auto¬ 
matic regulation of the braking effort down to a trolley¬ 
bus speed of 4 m.p.h. Such a characteristic prevents 


There are varying degrees of compound excitation on 
trolleybus motors, and the ratio of series-field winding 
to shunt winding is a matter of individual design. The 
use of a strong series field and a relatively light shunt 
winding with tappings on the series windings for speed 
regulation has been adopted. The shunt field augments 
the series during motoring, and thus is capable of pro¬ 
viding a small amount of regenerated current, in the 
neighbourhood of 40 amperes. On i heostatic braking 
the shunt field only is used. The amount of regenera¬ 
tion is sufficient to give a braking rate of approximately 
1 m.p.h. per sec. from 30 to 20 m.p.h. High regenerative 
voltages are overcome, which reduces the substation 
problems when there is not sufficient load on a rectifier- 
fed section to absorb regenerated current. Curve C in 
Fig. 1 shows the braking effort obtained by using a shunt 
field primarily for braking requirements. The rheostatic 
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bra kin g in this design does not include any series-field 
decompounding, the braking current being determined 
by the shunt field strength and braking-resistance value. 
The curve shows the high braking effort at speed, varying 
with the speed of the vehicle, due to the absence of the 

SECTION OP YOKE CARRYING iNTERPOLE FLUX 



Fig. 2._Section of the cast-steel motor frame. 

opposition @f the series field. It will be seen that modi¬ 
fications to the ratio of series windings to shunt windings 
can produce characteristics which would be suitable for 
any particular service. 

The factors controlling the design of the trolleybus 
motor are weight, restricted dimensions, commutation 


mutator is necessary than would be the case if a 2- or 
3-turn armature were used, but the advantage of a single¬ 
turn winding lies in the good commutation. Notwith¬ 
standing the larger number of commutator bars used, 
no mechanical weaknesses have shown themselves in the 
bars, which are of a reduced cross-section. 

• A feature in the design of motor frame necessary to 
obtain good commutation over a wide range of current 
and flux variation is shown in Fig. 2. It will be seen that 
the yoke sections are thickened-up in the parts required 
to carry the interpole flux in addition to the main flux, 
the aim being to give as nearly as possible uniform 
flux density at all cross-se«tions under conditions of 
heavy load. It is of interest tct note the arrangement of 
field windings, as shown in Fig. 3. The main coils 
consist of series and shunt sections which are wound on 
separate formers and separately insulated before being 
assembled. The shunt winding is of asbestos-covered 
wire, and the series and interpole coils are wound in the 
usual manner with asbestos-paper separators. Unlike 
the earlier experiences with shunt windings on traction 
motors, the modern method of winding has given and is 
giving reliability in service. 

The trolleybus motor is usually placed under the floor 
of the vehicle, and arrangements must be made to ensure 
that the level of the sounds emitted from the motor is less 
than the level of conversation inside the vehicle. The 
low-pitched noise from the impacts of the chassis running 



Fig. 3.—Arrangement of field windings for a compound motor. 


under peak loads as a motor and, alternatively, as a 
generator, and the absence of sound. The first two 
essentially control the other factors, as it is an adjust¬ 
ment in design to give the best results which is ultimately 
produced. The most difficult problem is to secure a 
quality of commutation which will not cause deteriora¬ 
tion of the commutator surface over a long period of 
operation, taking into account the extreme range of 
variations in the current, flux, and speed of the machine. 

With this object, a single-turn winding is employed so 
as to reduce the reactance voltage. A larger corn- 


units and the continuous sounds from the driving gear 
may be termed “moderate'.' noises. As regards the 
motor, the loudness of the tone of the brush chatter on 
the commutator is greatest at low speeds and the noise 
from the motor fan greatest at high speeds. Brush com¬ 
mutator noise has not been eliminated, but considerably 
reduced. Fan sounds have been reduced in intensity by 
the use of an aerofoil form of fan and the adoption of a 
suitable arrangement of the air outlets. Magnetic hum 
has been obviated by trial and error as to the best pro¬ 
portion of the main-pole gaps. A test made by means of 
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an objective noise-meter on trolleybuses in service gave 
measurements of only moderate noise, with no high tones 
or loud notes. 

Control Gear 

In the schematic diagram shown in Fig. 4 a typical 
control circuit for a single-motor equipment is given. The 
number of contactors is 10, including 7 for operating in 
the armature circuit and 3 in the shunt field. The relays 
giving protection against overloads and over-voltage are 


netic lines of force are used, there being no leakage as the 
air-gap between the plunger and the core is in the centre 
of the coil. Owing to the limited dimensions allowed in 
the construction of contactors, the coils and the plunger 
diameters are reduced to a minimum. This limitation 
in size necessitates high density of flux in the air-gap 
between the plunger and core, obtained by a com¬ 
paratively large number of turns on the operating coil. 
The breaking of the circuit causes a high induction in the 
coil, the effect of which on the other equipment can be 



Fig. 4 .—Schematic diagram for single-motor equipment. 


interlocked with the main contactors. In trolleybus 
operation the majority of failures which cause delays of 
5 minutes or more in service are attributable to control 
defects. A description will now be given of the type of 
contactors which experience has found to be the most 
reliable in service, together with other salient control 
features. 

Contactors 

In remote control of the electromagnetic type the con¬ 
tactor is in some respects the most important apparatus 
used. The power unit on the contactor is a line-energized 
coil which - operates a plunger or a clapper forming the 
armature. With the plunger-type contactor all the mag- 


overcome by connecting a discharge resistor across the 
coil. 

The contactor with the clapper type of operation has to 
be designed with a comparatively large-size core, to take 
care of magnetic leakage. There being no air-gap in the 
core, the magnetic flux can be used at a high density, 
with a small number of ampere-turns to maintain this. 
The clapper is made with a surface area greater than the 
end of the core, which gives a low density in the air-gap 
between the two, and allows a coil to be used with few 
ampere-turns and therefore less induction. Mechanically, 
the clapper type of contactor, compared with the plunger 
type, is of simpler construction, having more robust 
wearing parts. The armature pin takes the place of the 
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solenoid spindle and bushes, which are subject to wear. 
In Fig. 5 a typical clapper-type’ contactor is shown, with 
the magnetic lines of force. A large clearance is obtained 
between the clapper and the core, which allows for 


OPERATING COIL. MAGNET YOKE 



magnetic lines of force. 

mechanical wear without disturbing the electrical 
performance. 

Brake Switch 

The schematic diagram shows the rheostatic-brake 
switch as a separate unit, and on the vehicle it is directly 
operated by levers from the brake pedal. An alternative 
arrangement is to incorporate the brake switch in the 
master controller, which is usually mounted under the 
driver’s seat, allowing for a straight-line operation with 
the brake pedal. The brake pedal is insulated from the 
switch or master controller and the operating rod is in 
tension. 

Protective Relays 

The over-voltage relay seldom comes into operation— 
only on occasions when the regenerated voltage exceeds 
the line voltage and no other vehicle is on the particular 
section. The setting is at 680 volts when a line voltage 
of 600 volts is used. The operation of the over-voltage 
relay automatically open-circuits the power contactors 
and inserts resistance in a closed motor circuit. To reset 
after the operation of the over-voltage relay, the master 
controller has to be returned to the “ off ” position. 

In addition to the normal protection afforded by two 
automatic circuit-breakers, an overload relay is used. 
The relay is operated at a current value below that of the 
circuit-breaker setting, and once tripped is held open 
by a high-resistance coil energized in all running positions 
of the master controller, so that it is impossible to reset 
the relay except in the " off ” position of the controller. 
The circuit-breakers do not operate on normal overloads, 
but relieve the contactors from the necessity of breaking 
excessive currents. The action of the overload relay 
opens the main contactors, which break the circuit. It is 
usually found that uniform breaking between two or 
more contactors is not always obtained, one contactor 
doing-most of the work. 


Operating Coils 

The use of enamel-insulated wire for the winding of the 
operating coils of contactors has become universal. The 
results have justified this type of insulation as compared 
with cotton-covered wire, which, when used, increases 
.the external diameter of the coil and restricts the radia¬ 
tion of heat between turns. With enamel-covered wire, 
provision has to be made for the expansion and con¬ 
traction of the wire. The inductive nature of the circuits 
creates high induced voltages, sometimes about twice 
line voltage, which the insulation must withstand. 

• 

Battery Operation 

The battery change-over switch has proved itself to 
be a valuable addition to the control equipment. The 
switch is operated by the master-controller reverser key, 
which ensures the master controller being in the “ off ” 
position before the switch is moved. The function of the 
switch is to place the batteries in series for propelling the 
vehicle. The no-load voltage with the batteries in series 
is in the proximity of 70 volts and gives a trolleybus speed 
of 6 m.p.h., the shunt field of the compound motor not 
being energized. For emergency purposes, the arrange¬ 
ment described has been most beneficial in traffic. 

Brakes 

The rheostatic and air brakes are controlled by a single 
pedal. The first movement of the pedal open-circuits 
the control and applies the rheostatic brake; in the final 
section of travel, rheostatic and air braking are combined. 
The reciprocating type of air compressor is favoured, 
driven by a totally enclosed line-operated motor. 
Mechanically driven compressors present problems owing 
to the wide speed-range of the trolleybus driving motor or 
propeller shafts, resulting in excessive compression at high 
speeds which is difficult to off-load economically. For 
driving the compressor, and to provide against the possi¬ 
bility of leakage in the air system, a f-h.p. continuously 
rated series motor is used which is usually constructed 
with two main poles. The design of motor fields main¬ 
tains a relatively low voltage between the commutator 
bars—a good feature with small-diameter commutators. 
The air-brake reservoir stores braking power sufficient for 
15 normal brake-applications. The precautions which 
are taken in the control equipment to prevent the opera¬ 
tion of the trolleybus without braking power will now 
be described. 

The compressor-motor circuit is controlled by the main 
control switch, which makes it impossible to energize the 
control gear without starting up the compressor motor. 
This ensures against the possibility of operating the 
vehicle without switching on the air brake and provides 
against faults in either circuit, as the two are fed through, 
a common fuse. To give an immediate indication to the 
driver of the loss of air pressure in the reservoir, an 
audible and visible alarm is fitted which comes into 
action when the air pressure falls below 45 lb. per sq. in. 
This alarm is energized from +he low-voltage supply and, 
in addition to warning the driver of low air-pressure when 
the trolleybus is in service, provides an indication as to 
whether the air-brake equipment is satisfactory before 
the vehicle is taken into service. 
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Low-Voltage Lighting* 

There are three methods of driving the low-voltage 
generator—direct drive from the main motor shaft, belt 
drive from the propeller shaft or coupling, and the use of a 
high-voltage motor. All these are mechanically and 
electrically satisfactory; the selection of the method to be, 
employed must be determined by service requirements. 

The percentage of time during which the lighting load 
has to be maintained by the battery, with mechanically 
driven generators, depends on the characteristics of the 
service. On a trolleybus route in London, between 
Shepherds Bush and Uxbridge, some interesting results 
were obtained showing tj^e^extent to which the charging 
of the batteries is dependent on the running time in 
service. The total time to cover the route was 131 min. 
40 sec., and the time for which the trolleybus was 
stationary was 36 min. 50 sec. Thus the total vehicle 
moving time was 94 min. 50 sec., i.e. only 72 per cent of 
the total route time. The route could be described as 
an open town route; the schedule speed was 11*64 m.p.h., 
including lie-over time at termini, and this represents a 
higher percentage of running time than would be experi¬ 
enced in a more central area. The 1 600-watt (1-hour 


advantage with the motor-generator set of being able to 
charge the battery at will is of value when the battery 
is used to any extent for traction purposes. 

As the Ministry of Transport regulations require double 
insulation between the low-voltage wiring and parts 
connected with the 600-volt supply, in the early motor- 
generator sets the motor was mounted on a bedplate 
through insulating rubber bushings, the drive to the 
generator being through a rubber coupling. It was found 
that this construction was liable to give rise to vibration, 
and the bedplate was an unnecessary additional weight. 
A motor-generator designed as a single-shaft machine has 
since been developed. The motor armature is electrically 
insulated from the generator armature by a moulded 
micanite cone, in a similar manner to the insulation of a 
commutator from its bush. The high- and low-voltage 
yokes are insulated from one anothei, and, in older to 
prevent the common shaft from short-circuiting the two, 
the bearing housing at the motor end is insulated by 
means of micanite. 

A shunt winding on the motor is not used, because of 
the thin wire necessary in the shunt-field coils. A series- 
wound motor is more capable of withstanding voltage 



rating) dynamo used in the test was belt-driven from 
pulleys on the motor coupling having a ratio of 1*2 to 1. 
The ampere-hours required for the lighting load over the 
journey were 59, and the generator gave during the run 
81 ampere-hours, measured with meters on the vehicle. 
On this route 30 per cent of the vehicles operate for 
7 hours per day, and the remainder for 17 hours. The 
performance of the generator was equivalent to main¬ 
taining satisfactory battery condition on a winter service 
where the lighting load is necessary throughout the whole 
running time, which would occur with all vehicles 
operating in the early morning and evening only. (See 
Fig. 7, which shows graphically the results of the test 
over a small section of the route.) 

During fogrunning or a dislocation of traffic, the margin 
of generated amperes would not be sufficient to avoid the 
'batteries becoming discharged when battery manoeuvring 
occurred in service. The motor-generator set for lighting 
gives constant vehicle illumination irrespective of the 
trolleybus speed or battery condition, a feature which is 
of special importance in dense traffic. The battery, which 
is usually of 9 6-ampere-hour capacity, is mainly used for 
vehicle manoeuvring and for a certain amount of lighting 
whilst the trolleybus is in the depot for cleaning. The 
* Compulsory on metal bodies. 


surges, owing to the undamped condition of the field 
giving greater stability against flashovers than a shunt 
winding. [The results obtained in oscillograph tests are 
shown in Fig. 6 (see Plate, facing page 232).] It is, how¬ 
ever, necessary to provide some means of preventing 
the speed from becoming excessive on no-load. The 
motor fan gives a load sufficient to restrict the speed to 
5 000 r.p.m., but, in order to reduce the speed further, 
a permanent load is connected across the generator. 

Production of Electric Charges on Trolleybuses 

There are three conditions under which trolleybuses 
may become electrically charged in service, namely 
electrostatic charges produced by the friction of the 
tyres on the road surface; rise in potential due to the 
inductive kick from the contactor coils and motor circuits 
or from induction from transmission mains; and, lastly, 
the vehicle may become a conductor when a leakage 
occurs from the power circuits to the body. These con¬ 
ditions are very unlikely to occur, and in any event 
present little inconvenience to the travelling public. 

The first condition—of the vehicle receiving an induced 
charge from either the tyre or the road surface—is com¬ 
mon to all rubber-tyred vehicles with metal or composite 
bodies. The generation of a charge depends largely on 
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the road surface. With dry clean granite sets, voltages 
up to 900 volts can be measured by an electrostatic 
voltmeter immediately after the vehicle comes to rest. 
On an asphalt or tar-macadam road, zero readings are 
registered. The second condition—of inductive charges 
from the electrical equipment when circuits are broken 
gives voltages up to 300. The electrostatic voltmeter 
used for these tests had an undamped movement, so 
that the readings can only be described as the mean volts. 
Neither of these types of charges necessitates special 
precautions, as the frequency of loading and unloading 
passengers prevents high static charges from being built 
up, and, in the case of induction, the passengers would 
have to come into contact with an uninsulated portion 
of the vehicle at the moment of breaking the inductive 
circuit. The use of low-resistance tyres of about 
2 000 ohms (measured from the tread to the wheel rim) 
will satisfactorily earth these charges. 

It is the possibility of electrical leakage from the 
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jriri 8.—Diagram of connections used on the panels at the 
B entrance of depots for nightly testing the insulation of 
trolleybuses. 


potential equal to that of the overhead supply across the 
whole insulation. The connections are shown diagram- 
matically in Fig. 8. The use of the insulated sections 
on the overhead lines allows for the automatic reversal of 
the polarity as the vehicle passes. This has been found 
necessary as it is possible to have satisfactory insulation 
readings, below the 3 milliamperes permitted by regula¬ 
tions, with the current flowing through the equipment m 
one direction, whereas, with the current reversed, the 
insulation values are unsatisfactory. For purposes of 
safety, the test plug or spade is permanently connected 
to earth and the milliammeter connected to the negative 
supply by pressing a push bullion on the test panel; thus 
the plug cannot be alive when hiandled by the tester. 

The trolleybus is designed to ensure secondary and, 
where possible, tertiary insulation on all high-voltage 
components. The nightly test is between the conductor s 
and the body or chassis, the secondary insulation being 
short-circuited. Every 14 days each high-voltage circuit 
is tested individually, including all insulation whether 
primary or secondary. 

The insulation of the platform consists of a rubber mat 
secured to the floor boarding by an adhesive. The 
handrails have an insulated covering and are provided 
with secondary insulation, the combined arrangement 
giving insulation-resistance readings of infinity. 

Suppression of Radio Interference 

The British Standards Institution has recently pub¬ 
lished a Specification setting out three methods for 
reducing the electrical interference generated by trolley- 

buses. • 

A large-scale experiment has been carried out in 

London on trolleybuses with chokes at the contacts of 
the master controller, on each side of the contactor inter¬ 
locks and auxiliary contacts. This method gave satis¬ 
factory suppression over the prescribed range of wave¬ 
lengths. The coils were lightly rated and gave trouble 
under partial fault conditions before the control luse was 
blown. There are 19 chokes required to suppress the 
control interference alone, and this additional equipmen . 


600-volt circuits which has to be guarded against, the 
vehicle being in reality unearthed. The Ministry of 
Transport regulations call for a daily test of the insulation 
of each trolleybus. The test is accomplished after the 
vehicle has completed each day’s service, testing appa¬ 
ratus being located at the entrance of the depots. This 
enables the test to be carried out with the trolleybus in 
the condition in which it has been operating, an especially 
important point in wet or snowy weather, as the insula¬ 
tion resistance varies with the climatic conditions. . For 
convenience in testing, the frames of the individual 
600-volt units are connected by means of cables to a 
common testing receptacle, which is mounted at the back 
of the trolleybus underneath the platform.. The test 
panel fixed in the depot consists of a plug, designed to. fit 
the test socket on the vehicle, attached to a lead which 
is in series with a high-resistance milliammeter connected 
to a limiting resistance formed by a bank of lamps, and 
thence, through fuses, to the negative overhead wire.. 

When the plug is inserted in the trolleybus testing 
receptacle and power is applied through the control gear 
in the usual manner, all units being energized, there is a 


caused complications. 

The system now adopted includes only two liberally 
current-rated chokes, one in each of the two main master- 
controller feeds, in conjunction with a centre-tapped con¬ 
denser filter connected across the line and chassis. The 
two control chokes do not adequately suppress the control 
interference, as the chokes are placed some distance away 
from the source of interference and because, the inter¬ 
vening control wiring induces in the power wiring inter¬ 
ference which is carried direct to the overhead system. 
To reduce this by-pass effect, a centre-tapped condenser 
filter is used which tends to short-circuit the high-fre¬ 
quency potentials appearing between the trolleys and the^ 
chassis. The condenser filter or capacitor also, provides* 
efficient suppression of interference in the mam motor, 
the motor-generator set, the compressor motor, and the 
power arcs on the contactors, within the wavelengths of 
1 500 to 200 metres. The average signal/interference 
ratio of 25 db. obtained over these wavelengths com¬ 
pares favourably with the results obtained from the 
vehicles equipped with individual chokes. 

The position of the apparatus can be seen in Fig. 4. 
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MECHANICAL PARTS 
Chassis 

The automobile design of chassis used in public-service 
vehicles has been adapted to trolleybus operation. The 
orthodox pressed-steel side members are used, and the 
springs, beside taking the loads, provide the reactions to 
traction and braking efforts. With the 3-axle trolley¬ 
bus the two rear axles are driving axles. In the majority 
of cases a third differential is used. It is only proposed 
to describe the variations which trolleybus requirements 
have necessitated as compared with the lighter transmis¬ 
sion loads and lower propeller-shaft speeds standardized 
in most types of heavy-automobile practice. 

The design of worm gears employed in the rear-axle 
drives is generally in accordance with the British Stan¬ 
dard Specification based on the involute helicoid worm. 
The selection of worm drives in preference to the bevel- 
wheel types was influenced by the ease of accommodating 
high ratios between the driving shafts and axles, the 
quietness of running, and the low height obtainable by 
the use of underslung worms. 

The load capacity of the worm gear when driven by an 
electric motor has to be substantially greater than with 
the oil-engine drive, to provide for the high sustained 
torque on the worm wheel during acceleration. This has 
been found by observation in service to require over 
20 per cent greater torque capacity. On single-axle 
drives, 8|-in. worm-gear centres are frequently used, and 
7-in. or 8-in. centres where the drive is divided between 
two axles. This is much above the calculated load 
capacity required, but has been adopted as a result of 
experience with the heavy'- momentary overloading of the 
transmission during acceleration. 

The design of the propeller shaft is the result of research 
over a number of years. In its present-day form it has 
played a big part in the improvement of the general 
arrangement of the trolleybus chassis and body. With 
its use a better disposition of the electrical equipment is 
obtained, and a greater freedom in body design. 

In automobile practice the prime mover is generally 
mounted at the front of the vehicle, and lengthy propeller 
shafts transmit the power to the driving axle. With the 
high propeller-shaft speeds (up to 3 000 r.p.m.) experi¬ 
enced in trolleybus operation, it was necessary to design 
transmission shafts so as to reduce vibration to a mini¬ 
mum. This requirement was not met by mounting the 
electric motor at the front of the chassis, and providing 
long shafts with centre bearings and many couplings. 

The Ministry of Transport’s regulation whereby 10-in. 
clearance under the vehicle must be maintained 13 ft. 
from the front of the 3-axle trolleybus, encouraged the 
placing of the motor on the chassis beneath the floor 
close to the driving axles, in which case only a single short 
••shaft-is necessary. 

Numerous experiments were undertaken to determine 
the design of a shaft which would be free from vibration 
up to the maximum trolleybus speed, and to ascertain 
the true critical speed of such a shaft. These investiga¬ 
tions were successful, as is proved by the wide use of the 
short single-shaft drive. 

With the short-shaft drive the line through the trans¬ 
mission from the motor shaft to the leading axle with an 


unladen vehicle allowed for a working angle on each of the 
universal joints of 2°, which was partly obtained by the 
tilting of the worm shafts. Heavy emergency braking 
causes relative movement between the driving bogie and 
the motor, which increases the normal working angle of 
the shaft, so that the universal joint assumes a working- 
angle of 4°. With these conditions and with a shaft 
approximately 28 in. in length, smooth running is 
obtained. The vibrograph tests taken on a trolleybus 
showed freedom from vibration up to a speed of 35 m.p.h. 
in normal operation, and under heavy braking conditions 
with the maximum angular variation of the couplings very 
little noise or vibration was apparent, even when passing 
through the true critical speed of the shaft at 1 400 r.p.m. 

The Chassis-less Trolleybus 

With the introduction of the all-metal body for pas¬ 
senger road vehicles came a new conception of vehicular 
design, in which the chassis frame was no longer regarded 
as a necessity for supporting the body. With a coach- 
built body the chassis is essential for mounting the power 
unit and for anchoring the springing systems. The all- 
metal body, on the other hand, can forrp part of a 
chassis-less vehicle having inherently the structural 
strength necessary for the various loads. In such a 
system of construction it is possible to make better use 
of the materials, heavy sections being used where justified 
and the vehicle being designed as a whole instead of in 
two parts. 

The forces which subject the structure of a vehicle to 
the greatest stresses cannot be determined by static 
methods. The longitudinal forces of acceleration and 
retardation and the lateral stresses due to centrifugal 
forces on curves and wind pressure make up the working 
loads on the body structure. The reactions to these forces 
can be more adequately provided for in a unit-built 
vehicle. The overturning moment on a chassis-built 
trolleybus due to lateral forces is resisted through the 
chassis frame and the bulkheads. The longitudinal 
stresses are taken by the body pillars and racking plates, 
the latter ensuring a division of the loads between the 
various pillars. The strength of the design to resist 
lateral stresses depends upon the fixing of the body cross¬ 
members to the chassis frame. This connection is 
usually made through fibre blocks or rubber mountings 
on out-rigger brackets. The absence of a permanent 
and firm fixing detracts from the rigidity of the structure 
and tends to upset the balance of load on the members. 

With the chassis-less vehicle there are no cross-bearers 
carrying the structure; the members form an integral part 
of the framing. The bulkheads take the form of deep 
girders, with heavy transverse pressed-steel stiffening 
channels at the bases, riveted to the longitudinal members. 
When a rigid fixing is provided for the individual side- 
pillars there is no necessity for the pillar positions to 
coincide with cross-members. A better distribution of 
loading between the side pillars removes some of the 
tension stresses in the racking plates. The method of 
support of the bulkheads to and between the side fra min g 
gives the necessary stiffness to the structure which fits it 
to resist lateral forces. 

One of the latest examples of chassis-less trolleybus 
construction is shown in Fig. 9. In this design the body 
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in preference to the half cab, affords the opportunity of 
departing from the principle of supporting the driver's 
cab from the top structure to free it from vertical oscilla¬ 
tions due to road shocks. With a chassis-less vehicle 
the design facilitates the building of the front of the body 
with sufficient weight and strength to make it capable of ( 
resisting vibrations. This reduces the structural weight 
in the girth of the body which is necessary when the 
front-road shocks are transmitted to the body through 
the leverage of the front arms anchoring the front 
springs. 

To illustrate this, a bending-moment diagram is given 
in Fig. 10. It shows in a general manner the stresses set 
up in a 30-ft. 3-axle trolleybus with seating capacity for 
70 passengers, built on the chassis-less principle. Fig. 10(a) 
refers to a vehicle with a fixed cab front and Fig. 10(5) to 
a similar vehicle with a free or semi-floating front. 

The maximum laden weight of the trolleybus on the 
road is 13| tons, with a laden body weight on the springs 
of 11 tons. The load is taken as being evenly distributed 
over the length of the vehicle, the figures being for static 
weight only. It is assumed, for purposes of calculating 
the stresses on the material, that the framing above the 
lower deck window-sill has no strength value. The body 
load is taken by the lower deck truss-plate and solebar 
and rear-wheel arches; in the case of the fixed cab front 
the load is shared by the front-arm members of the under¬ 
frame. A comparison of the two diagrams shows that a 
trolleybus built without using as strength members the 
portion of the longitudinal arms projecting beyond the 
bulkhead introduces a number of body stresses which are 
not encountered on a body with a fixed front. 

CURRENT COLLECTION 
The Wheel 

The wheel as used for current collection is less suit¬ 
able for trolleybus operation than the sliding carbon 
collector. The wheel revolves on a horizontal axis which 
is free to rotate about a vertical axis. Fig. 11 shows the 



extreme angles which the vertical spindle takes with the 
maximum and minimum wire height. The gyrostatic 
action of the wheel, and the inclination of the spindle 
to the vertical which produces frictional resistance, 
impede the free motion of the wheel from responding 
to change of direction. This is an important factor 
when the vehicle is passing through special work in the 


overhead line at junctions, as under these conditions the 
safe rate of change of direction is limited. 

The instantaneous centre of rotation of a wheel on the 
wire is a point. This restricts the design of overhead 
fittings, as the length of guide at frogs and crossings is 
limited and the minimum angle of the fittings which can 
be used is 25°. The greater the angle on these fittings 
the more uneven the change of direction of the head and, 
with the revolving wheel, the greater the resistance to 
change. 

The Sliding Carbon 

Certain mechanical advantages, coupled with quietness 
of operation, are associated with what is termed shoe 
collection ” of current. The longitudinal line of carbon 
contact with the wire, the absence of rotational inertia, 
and the length of guide at frogs and crossings, allow for 
better operation and improvements in overhead fittings. 
The carbon type of collector is shown in Fig. 12 (see 
Plate). 

In trolleybus operation, intersections of overhead lines 
are comparatively frequent, and this necessitates numer¬ 
ous overhead fittings and an interruption from the run¬ 
ning wire to a metal or insulated runner. The carbon 
holder has been so designed as to protect the carbon from 
impact at these fittings. This is accomplished by pro¬ 
viding holders with a suitable profile and by making the 
fittings to angles of 65°. The change-over from the 
condition where the carbon is running on the wire to 
where it is passing over the fittings on the angled faces of 
the holder, forces the shoe downwards until the carbon is 
free of the metal or insulated sections. The 65° angled 
section of the holder only comes into action at special 
work on the overhead line, as normally the carbon bears 
on the wire and the vertical walls of the holder retain it 
in position. The vertical displacement of the holder 
when entering the fittings occurs in rapid succession at 
junctions, as the fittings are usually located adjacent to 
each other. The impact which occurs between the holder 
and the ramp on the overhead fittings causes a downward 
pressure, in addition to which the frictional drag of the 
head when the trolley boom is not tangential to the wire 
sets up a downward force, all acting against the total 
upward trolley-boom spring pressure of 35 lb. 

Reaction to these downward forces is provided by 
fitting a hydraulic shock-absorber to the trolley base 
which damps the downward movement of the boom 
whilst allowing free upward swing to meet the varying 
heights of wire. This one-way shock absorber enables 
the trolley boom to store momentarily the energy given ' 
out by the impact of the holder on the fittings and to 
maintain the upward pressure of the springs, thus pre¬ 
venting the head from reaching a state of equilibrium, 
when a de-wirement would take place. The absorber has 
the effect of damping any oscillations which ma^r arise 
from the road surface or from the elasticity of the boom. 
Fig. 13 illustrates the snubbing device. 

The results will now be given of the laboratory and 
service electrical tests undertaken to decide the quality 
of carbons necessary for the varying climatic conditions 
under which current collection takes place. The blocks 
are formed by baking at a high temperature a mixture of 
reasonably pure amorphous carbon with oil or tar as the 
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binding medium. The grade of carbon which has given 
the most satisfactory results is a very hard close-grain 
amorphous variety, rather than graphitic. Analysis of 
this material shows that it contains 94 • 8 per cent carbon. 
The main constituents of the ash content (expressed as 
percentages) are:— 

Acid-insoluble portion (mainly silica) .. 39-4 

Ferric oxide .. .. .. .. .. 42-5 

Calcium oxide . . . . .. .. .. 3-5 

Aluminium oxide .. . . . . ‘ . . .. 2-6 

Sodium, magnesium, copper, and acid particles 12*0 

m 

The varying life of carbons in service gave cause for 
further investigation. In dry weather over 1 000 miles 
can be taken as an average, whereas under wet conditions 
the mileage varies between 400 and 600 miles. The 


The current and voltage on striking a short arc (about 
0*5 mm.) were the same under water as in air; the 
current increased rapidly in air as the electrodes became 
red hot, while under water the current remained steady. 
Table 1 gives the relative amounts of energy in the arc 
with the carbon under water and, alternatively, dry. 


Table 1 


Conditions 

Direction of current 

Length 
of arc 

Voltage 
across arc 

Current 



mm. 

volts 

arap. 

Wet 

Copper to carbon 

0-3 

18-20 

60-50 

Dry 

do. 

0-3 

13 

50 

Wet 

Carbon to copper 

0-8 

30-35 

50-45 

Dry 

do. 

0-8 

23 

50 



Fig. 13.—-The arrangement which is used to decrease the number of trolley de-wirements: a hydraulic shock 

absorber acting in the downward direction only. 

research was split up into six series, namely: (a) Electro- A much greater amount of energy is absorbed in the arc 
lytic, (b) Arcing, (c) Running tests with trolley wire when the carbon is under water. In the dry arcing tests 
fitted as rings on a drum, (d) Running tests with recipro- the carbon became red hot and the surface became 
eating motion (arcing), (e) Running tests with recipro- partially converted to artificial graphite, 
eating motion (no arcing). (/) Running tests with (c) Two rings of standard trolley-wire were fitted as 
reciprocating motion and with special grades of carbon. slip-rings on a cast-iron drum, which was rotated by 
[a) The electrolytic tests were carried out with current a variable-speed motor. The current flowed from two 
passing between the carbon and the copper wire in carbon brushes to the wire; the arrangement being a 
contact under water. At 35 lb. total pressure between machine modified for the purpose, it was possible to use 
the carbon and wire the voltage-drop was insufficient only reduced-size carbons. The tests showed practically 
to give any appreciable electrolytic action. The pres- no wear on a wet wire with 100 amperes passing and 
sure was varied down to 5 lb., when the resistance with 40 lb. total pressure on the carbons, but wear 
increased with time until electrolysis of the water com- occurred when the pressure was lowered to 16 lb. The 
menced with the increased voltage. This occurred only tests were inconclusive, as the small diameter of the 
at the points of contact between the carbon and the wire, drum restricted the scope of the experiment It indi- 
and probably would not have happened had there been cated, however, that a lower contact pressure between 
any relative motion. The conclusion drawn was that the the wire and the carbon reduced the life of the latter, 
excessive carbon wear experienced during wet weather (d) The reciprocating tests were most successful in 
was not due to a true electrolytic effect. reproducing the condition of carbons collecting current 

(&) It was found, with tests taken at 110 volts with from a wet wire. A piece of trolley wire was mounted 
ballast resistance, that the arc could be maintained under in an apparatus and given a reciprocating motion across 
water between the copper wire and the carbon for a much two full-sized carbon inserts, with a current of 130 
shorter time than in air. There was a transfer of material amperes passing between the two blocks and the wire, 
across the arc without disintegration of the material. The current was broken alternately at the ends of the 
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stroke, which resembled the trolley head passing over 
special work in service. The tests proved that although 
visible arcing is less under wet conditions, the rate of 
wear is approximately 4 times that under dry conditions, 
and the carbon surfaces are less polished. 

In London the use of carbons is general on a fleet of 
over 1 700 trolleybuses. A grade of carbon is used which 
has the mechanical properties required to provide a 
reasonable life under the frictional and current-collecting 
service to which it is subjected. 

The experiments described and the tests carried out in 


trolleybuses passing over the line. The heaviest service 
of 13 000 vehicles traversing the wire per week neces¬ 
sitates wire lubrication every 7 days, whereas less inten¬ 
sive services only require lubrication at 3-weekly intervals. 
Where side running is excessive, and generally at road- 
excavation work, the lubrication of the wire is carried 
*out still more frequently, and receives close attention. 
The object is to obtain on the wire a highly burnished 
surface so that negligible wire wear takes place. 

The lubricant from which the best results have been 
obtained is made to the following analysis: Graphite 





(a) Original-type single-tongue frog, 25°. 

(b) Double-tongue frog without gaps on straight; with large-radius curved tongue, 25°. 

(e) Double-tongue Y frog; with large-radius curved tongues, giving a total angular change 

of direction of 25° (a new development). 


service have proved that electrolytic action does not play 
an important part in producing rapid wear, and this is 
supported by observations showing no marked difference 
between positive and negative carbons. In dry weather 
when arcing occurs the heat generated at the surface is 
sufficient to graphitize the surface film, which helps the 
carbon to resist the burning action. In wet weather the 
water prevents the carbon from reaching a sufficiently 
high temperature to become graphitized on the surface; 
hence the greatly increased wear. 

Wire Lubrication 

The success of carbon collection depends to a large 
extent on the lubrication of the wire. Experiments have 
been made with a graphitic carbon block, but the amount 
of graphite transferred to the wir«e was very limited 
irrespective of the pressure or speed of application. A 
special lubricating vehicle is used in London, equipped 
with a gantry supporting two lubricating heads. The 
frequency of lubrication is related to the number of 


(powdered), 25 lb.; gum solution, 281b.; trichlorethylene, 
25 lb.; petroleum spirit (X3), 24 lb. The graphite pow¬ 
der possesses an ash content of 17 per cent. The gum 
solution is of a modified coumarin-type synthetic resin 
in trichlorethylene, in the proportions of 3| lb. of modi¬ 
fied resin to 10 lb. of trichlorethylene. The petroleum 
spirit known as X3 spirit is a close-cut distillate of specific 
gravity approximately 0-79 and a boiling range of 110°- 
120° C. This lubricant cannot be applied to a wet wire; 
but it has the property of quick drying, which allows the 
wire to be lubricated without interrupting the services. 

Overhead Construction 

The present-day practice is to employ a tight wire, in 
order to provide smooth running. The conductor wire 
is tensioned up to 1 500 lb., whilst the span-wire tension 
is in the neighbourhood of 800 lb. The tendency in the 
design of overhead fittings has been to decrease the angles 
at frogs and crossings and to substitute insulated steel 
spacing bars for the wooden beams at insulated crossings. 
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Where a junction or turn-out is made, a frog is required. 
When the direction of motion of the vehicle is towards 
the frog to the single wire, a trailing frog is used. The 
angle of the trailing frog with a carbon holder as illus¬ 
trated can be as small as 8°, as the fixed gap with this 
angle does not exceed the length of the holder. 

When the vehicle approaches a turn-out a leading frog 
is used, which necessitates incorporating a movable 
tongue. The mechanism to provide the movement of 
the long Y-type double tongue gives a reliable action and 
permits of an angle of 12J 0 (see Fig. 14). The latter pro¬ 
vides an easier movement to the change of direction of 
the head than the designs"previously used. The elec¬ 
trical operation of these 7 frogs is by means of a push¬ 
button solenoid and is carried out by the conductor of 
the vehicle. The push button is fixed to a pole a con¬ 
venient distance from the frog, and a signal light in a 
lantern shows the position at which the frog is set. This 
lantern is placed at the junction, and the driver reads 
the signals as motorists read our familiar traffic lights. 
Should the frog not be set for the route the driver intends 



Fig. 15.—Trolley-wire support, for straight line or curves. 


to take, the conductor operates the push button, which 
is located at a stopping place. Where the preponderance 
of traffic is in one direction the frog is automatically 
brought to the position to suit the majority of vehicles, 
thus minimizing the frequency of push-button operation 
of the frog. 

Assuming a trolley wire with the maximum permissible 
span of 120 ft., the load on the hanger is that due to the 
dead weight of the wire with the additional load due to 
ice and windage and the angular change in direction of 
the wire. To enable the two wires, which are spaced 2 ft. 
apart, to be suspended an equal distance from the ground, 
and to maintain the ears, which grip the wire, vertical, the 
ends of the hangers and spacer bars are bent in a down¬ 
ward and upward direction respectively, so that the span- 
wire pull is directed below and above the trolley wire 
(see Fig. 15). 

The wire is so located in relation to the normal path 
of the trolleybus that the trolley boom is as nearly as 
possible in line with the wire, usually about 10 ft. from 
the kerb. At special work, where the head passes through 
the frogs and crossings the radius of curvature of the 
fittings is made as great as possible. 


Unearthed Overhead Transmission Line 

On the system in which the negative side is earthed, 
the insulation of the overhead line is ascertained by 
measuring with a milliameter the current passing at full 
working voltage from the positive line to earth. On 
the unearthed system, the insulation is measured by a 
special instrument which enables the insulation of the 
cables and overhead lines to be measured at the sub¬ 
station over what is normally 2 miles of routes. 

The supply voltage for the purpose of the test can be 
assumed to be constant. Referring to the circuit diagram 
shown in Fig. 16, the resistance of the voltmeter used 
is a constant, R 1 and R 2 are respectively the insulation 



Fig. 16.—Diagram of connections for testing the insulation 
of the overhead wires on an unearthed system. 

J/ 7 " r=2 supply voltage. 

Hi and are respectively the insulation resistances of the positive and 
negative lines to earth. 

resistances of the positive and negative lines to earth, 
and R is the insulation resistance of the two circuits in 
parallel. The principle applied in the test is based on 
the formula* 



where r is the resistance of voltmeter, V is the supply 
voltage, and v is the sum of the readings A u 2 ) between 
each pole or wire and earth. 

The voltmeter used for the test is specially designed to 
indicate R. Two readings are taken, which are added 
together by the instrument. 

Representative readings are given in Table 2 of the 
insulation values in two sections of all-insulated overhead 
line and cables. “A" refers to a section not feeding 

Table 2 


Insulation Values of an Unearthed Section ok 
Overhead Line 


“A” 

“ B ” 

“ C ” 

Insulation 

Weather 

Insulation 

Weather 

Insulation 

Weather 

ohms 

500 000 
90 000 

Dry 

Wet 

ohms 

500 000 
65 000 

Dry 

Wet 

ohms 

500 000 
95 000 

Dry. 
Wet 


a depot (the readings were taken at night, with no vehicle 
on the line). “ B " refers to a section which includes the 
feeding of a depot aifd special work in the overhead line 
with vehicles on the line. " C ” refers to the same con¬ 
ditions as " B,” but with the depot excluded. 

* See F. C. Raphael: “The Localization of Faults in Electric Light and 
Power Mains” (London, 1916). 
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In wintry weather, when snow covers the insulators, 
immediately a thaw sets in the insulation value drops 
to 12 000 ohms, but quickly advances to normal values. 
The unearthed system of overhead transmission pro¬ 
vides additional safety for trolleybus operation. 

THE APPLICATION OF TROLLEYBUSES 

It is impossible to consider the use of trolleybuses apart 
from questions of economics. The questions which seem 
to require an answer are: (a) In which sphere of transport 
is the trblleybus applicable ? (6) What are the economic 

circumstances which justify the use of the trolleybus ? 

(c) Do the public like or prefer the trolleybus as a means 
of transport ? 

The slum clearances which have taken place in recent 
years have to some extent checked the tendency for city 
dwellers to move out to distant suburbs, and have led 
to the erection of modern flats on the sites of the out-of- 
date houses. This housing of the people near to the 
factories and workshops is a move towards better con¬ 
ditions. Fares to and from work are less, and the workers ’ 
partial independence of the vagaries of the climate ensures 
regular attendance at their place of employment. 

The stability of the population in industrial areas 
enables the question of transport to be viewed over a 
reasonably long period. The case for the trolleybus is 
most pronounced where the traffic density is high on 
established routes. The acceleration, braking, and sim¬ 
plicity of control of the trolleybus give the vehicle an 
advantage which permits of a better road performance 
than can be obtained from other types of passenger 
vehicles. In service the number of stops is high where 
the density of passengers is heavy, a duty cycle singularly 
suited to the characteristics of the trolleybus. On hilly 
routes a margin of speed is available, e.g. a 12-ton 
trolleybus can climb a 1 in 9 gradient at a speed of 
20 m.p.h., starting from rest. 

The car-mile and the seat-mile basis for costing are 
used to provide relative costs in the transport industry. 
Each method has its uses, but neither provides a formula 
which takes care of all the variables. 

The essential difference in the capital structure of a 
trolleybus system as compared with a system served by 
self-contained power units lies in the fixed asset of the 
overhead lines and cables. The apportionment of the^ 
charge on this capital on a vehicle-mile basis varies 1 
inversely as the frequency of the trolleybus services. The 
cost of maintenance of the overhead line increases to a 
limited extent with any increase in the headway. The 
total cost per trolleybus mile for capital charges and 
maintenance of overhead lines and cables has been 
estimated from the Ministry of Transport return and 
other statistics. The cost per vehicle mile varies from 
0 • 6d. to 1 • Id. on headways of 1 minute to 6 minutes, 
assuming a reasonable life for the equipment and allow¬ 
ance for wear and tear and obsolescence. The standard 
of maintenance and the method of overhead construction 
are factors in the cost which differ with each undertaking. 
In addition to these charges there*is a rating charge on 
trolleybus systems, an assessment which in some instances 
is fixed as to the value by the respective local authorities. 
Against these overhead-line costs can be offset the ad¬ 
vantages to be obtained from trolleybus operation of 


increased carrying capacity, lower vehicle maintenance, 
and higher schedule speeds. 

The regulations governing the construction of vehicles 
in Britain enable trolleybuses to be built 1 ton heavier 
than other forms of road passenger vehicles. Trolley¬ 
buses with large seating capacities can be designed to 
suit the traffic requirements with accommodation up to 
70 passengers. The cost of maintaining a 70-seater 
trolleybus is no greater than that of the much smaller 
2-axle Diesel bus seating less than 60 passengers. 
The capital charges on the vehicles, taken over a period 
of 12 years and assuming similar seating capacities, 
show little difference between the two types on a 
mileage basis. The average* energy consumption for 
trolleybuses operating on an intensive service on a 
comparatively flat route is approximately 2-75 units 
per car mile, measured at the substation. The price of 
d.c. energy varies from 0-5d. to 0-8d. per unit, and at 
the highest figure the cost per ton mile is high when 
compared with that for the Diesel bus: whereas at 0• 5d. 
per unit the comparison is favourable. 

For passenger services in densely populated areas the 



Fig. 17.—Graph showing acceleration of trolleybus. 

vehicle with comparable costs which can perform the 
cycle of stopping and starting to pick up and set down 
the greatest number of fare-paying passengers in the least 
time will provide economies. The high acceleration of 
the trolleybus due to the overload capacity of the motor 
gives the facility for operating high schedule speeds. In 
Fig. 17 there is shown graphically the acceleration per¬ 
formance of a trolleybus. 

The most severe critics of the trolleybus acknowledge 
its fine riding qualities and noiseless operation. The 
ability to marshal vehicles in different areas and the 
use of non-stop vehicles play little part in the everyday 
movement of the people to and from work on our 
roads in our towns and cities. The travelling public 
have shown their appreciation of the comfort in travel 
of the trolleybus, as is witnessed by the sustained 
popularity of the vehicle and the increased volume, in 
many instances, of week-end and off-peak traffic. The 
residential population and business people on the routes 
served by trolleybuses have greatly benefited from the 
smooth and quiet running of the vehicles. 
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WRITTEN CONTRIBUTIONS TO THE GENERAL DISCUSSION ON THE ABOVE PAPER 


Mr. J. Bentley : The essential difference between the 
oil-engine bus and the electrically driven trolleybus is 
the motor and its control; another difference is the 
necessary alteration to the transmission. The motor, 
control gear and wiring layout put forward by the author 
follow lines which are well known for other purposes. 
The limitations of rheostatic and regenerative braking 
are those which have been realized in connection with 
tramcars. In spite of the various modifications which 
have been put forward from time to time the principal 
method of braking adopted Tor tramcars is mechanical. 

With the electric-motor-driven bus, mechanical braking 
presents difficulties due to the fact that the momentum 
of the combination of the drives includes that of the 
motor armature. The inertia of the armature is at least 
equal to that of the bus, and if field range is allowed 
for, it is increased in proportion. 

Any form of electrical braking that depends on a 
change of the ohmic value of the resistance in the line 
circuit introduces the risk of non-uniform retardation; 
also the ohmic value of the resistance must be reduced 
in steps forming a geometrical progression and at a time 
rate following the rate of reduction of the momentum, 
otherwise excessive mechanical and electrical stresses 
can prevail. The problem therefore is to devise a scheme 
whereby the rate of change of the ohmic value can be 
predetermined and taken out of the hands of the opera¬ 
tor. As the braking is applied at speeds, and incidentally 
at values of momentum, which vary in order to obtain 
the maximum retardation rate for any speed prevailing, 
the rate of cutting-out of the resistance should be 
variable. 

Electrical braking in the form described is only effective 
when used in series with the mechanical braking, and 
only one or the other can be effective at any one time. 
This is only partially, true if the compound-motor method 
is adopted; the reason being that with this method the 
back e.m.f. is following closely the line e.m.f., and there¬ 
fore any change of speed due to the application of the 
mechanical brake only causes the braking current to 
fluctuate. 

The opposing series method of controlling the braking 
torque is not -often put into practice, owing to the 
increase of the motor-field I 2 JS losses entailed. The 
percentage increase in 1 2 H loss is such that it will have 
a large bearing on the design and size of the totally 
enclosed motor. As the normal field strength is obtained 
by the combined ampere-turns of the series and shunt 
winding, the ampere-turns of the shunt winding under 
the braking condition are those of the shunt winding 
plus twice those of the series winding. The winding 
space, or alternatively the temperature rise allowable, 
has to be increased accordingly. 

For a 95-b.h.p. motor operating at 600 volts, the line 
current will be 130 amperes; assuming that this value 
gives normal torque, the value of 40 amperes suggested 
by the author to obtain a retardation of 1 m.p.h. per 
sec. with the motor as a generator and with the mechani¬ 
cal loss in the gearing, will represent normal torque at 
the wheels. The retardation given by such a braking 
torque would appear to be very low. 


The oil-engine drive can be used without speed-change 
gearing by increasing the size of the engine. Both the 
oil engine and the electric motor at their normal rating 
exert a fixed torque per revolution, and therefore a 
" reduction in the size of the electric motor would result 
from the use of a gear-change. By the use of speed- 
change gearing the inertia of the motor armature is 
brought to a more reasonable value, and it would appear 
not unlikely that this method of control might become 
desirable. If it were adopted the variation of speed 
required to change one gear ratio to another would only 
need a small field range, and the brake difficulties—with 
the mechanical brake due to limited weight for heat 
absorption and space for adequate cooling surface for 
heat dissipation; and with the electric brake due to the 
lack of a method of control which will avoid mechanical 
stresses—would at least be greatly reduced. 

The bus drive as at present proposed is one with two 
masses of relatively high inertia and with shafting and 
gearing between. This is an arrangement which in other 
spheres has proved undesirable. I suggest-that it is 
responsible for the larger worm gear and the difficulties 
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experienced in obtaining a suitable transmission shaft. 
It would appear to be desirable to introduce into the 
drive a device to give a small angular slip and thus even 
out peaks of torsional stress. 

Regarding the design of the motor, it would have been 
of interest to have included in the paper a description 
of the spider and bearings. Particulars of electrical 
design would, for instance, have explained why an in¬ 
crease of yoke section should influence interpole efficiency. 

The method of insulating the field coils is not one 
which should be followed without question, and it would 
be of interest to know the class of insulating varnish 
used for the asbestos-covered wires. The insulation to 
earth does not as a rule present any difficulty to manufac¬ 
turers of motors which are subject to sweating, e.g. 
motors for marine use. It is largely a question of sealing 
up the insulation joints so that they do not harbour 
moisture; and also of providing a breathing device to 
avoid the dew point when the windings cool down. 

The difficulties which the author appears to have met 
in connection with the design of the contactors can only 
be attributed to an endeavour to set aside the normal 
basic principles governing the design of such gear. The 
use of enamel wire for the coils is usually barred, as oil 
and other vapours have a detrimental effect on such 
insulating material. The arrangement of contactor 
operating coils shown in Fig. A is one which I adopted 
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in a case where it was necessary to avoid the use of 
fine-wire windings and their attendant self-induction, 
namely in the control of winch motors on board ship. 
The coils are connected in series, with a resistance in 
circuit across the line, and are inserted into the circuit 
in rotation. The operating-current range was about 
2 to 1. This arrangement gave the extra pull necessary 
for the first contactors, which required a large break. 

One important feature of d.c. contactor design is the 
necessity of giving a relatively large width between the 
blow-out checks and plenty of room for the arc to rise 
vertically with the air current and to clear itself without 
obstruction. This limits the risk of the arc getting outside 
the magnetic field of the blow-out coil. 

The author states that it is desirable for the recipro- 
cating-type compressor to be run at constant speed, 
owing to the difficulty in unloading. This design of 
compressor is of the fixed-displacement-per-revolution 
type, and therefore it is only the rate of output which 
varies with the speed, not the pressure. 

It would appear that it is necessary for an electric 
bus to have an earth protection device which, on an 
earth occurring, will not only open a breaker fitted as 
close as poSsible to the point of supply but will short- 
circuit (by connecting together) the two leads to the 
motor and control gear. 

The curve in Fig. 17 shows an acceleration at starting 
of 6 ft. per sec. per sec., slowing down at 20 to 25 m.p.h. 
to 2 ft. per sec. per sec., with a further reduction above 
these speeds. The acceleration at the start is obtained 
by a starting current which, with a vehicle stopping and 
starting frequently, fixes the rating of the motor; while 
reduction of the rate of acceleration at the higher speeds 
is due to the difficulty of overcoming the field inertia. 
This latter limitation was got over for deck winches, 
which had to compete with the acceleration given by 
steam winches, by the use of an automatic field diverter; 
the object of this field diverter being to keep up the 
torque at a predetermined limit above the normal 
running torque prevailing at any given moment. 

Such a device, which has been successfully applied to 
many hundreds of winches, was described in my paper 
published in the Journal in 1926* 

Mr. E. H. Croft; The author points out the need for 
limiting the back tractive effort during rheostatic braking, 
and the control complication resulting if the series motor 
be used for braking. I feel it should be made very clear 
that, if current control be adopted with series motors, 
the high back tractive effort has to exist to some degree 
before it is removed by the relay. Thus with such a 
system the transmission is not really protected. In some 
equipments using series motors, centrifugal relays control 
the braking current. This method is much sounder, but 
any failure is apt to result in a broken transmission. In 
my opinion, therefore, there is only one solution, namely 
the compound motor. 

The author mentions the benefit derived from limited 
regeneration combined with normal rheostatic braking, 
and in this connection I think the^ use of a compound 
motor with boosted shunt field should be mentioned. 

A large number of equipments have been manufactured 
for services not requiring any appreciable regeneration 
* Journal I.E.E., 1926, 64, p. 567. 

Vol. 86. 


but requiring normal electrical braking. By arranging 
for slight over-excitation of the shunt field during rheo¬ 
static braking, a very good braking characteristic can be 
obtained, while the regenerative characteristic can be 
limited, even to eliminating regeneration entirely at 
normal road speeds. This type of equipment has proved 
.very popular for export, and is extremely simple. 

I feel that the author’s remarks upon contactor design 
may easily be misunderstood. He states that a clapper 
contactor has to be designed with a large core to take 
account of leakage. Actually, if the same design prin¬ 
ciples are applied to both clapper and plunger contac¬ 
tors, there is little difference in core diameter. The 
difference in leakage between Jbhe two types has little 
if any effect on the iron sections or ampere-turns. It 
seems to be suggested that a high flux density is not 
desirable and is a weakness of the plunger-type contac¬ 
tor; actually, since the pull varies as B^A, it is easier to 
get the pull with a plunger than with a clapper. While 
much can be said for and against both types it is agreed 
that the clapper may have slight mechanical advantages. 

I believe that the plunger contactors used by the London 
Passenger Transport Board are of a special type incor¬ 
porating certain complicated auxiliary springs; these, of 
course, are not essential to plunger contactors. Mention 
is made of connecting discharge resistors in parallel 
with the operating coil; if these be of such a value that 
induced surges are materially reduced, they may easily 
affect the contactor and increase contact and arc-chute 
wear. In my opinion, therefore, they should never be 
used. A contactor with a small core diameter will not 
as a rule be satisfactory. Can the author give data 
regarding tip and arc-chute wear for the various types 
of contactor he is using? 

Regarding the question of inductive charges due to 
switching off, I have not experienced this trouble although 
I have carried out most extensive tests in connection 
with transient shocks due to capacitance when switching 
on and off. These are caused by the fact that the motor 
circuits contain inductance, resistance and capacitance. 
The slight trouble due to this has been increased since 
condensers were arranged on the motor for preventing 
wireless interference. I note that the only condensers 
used for this purpose by the L.P.T.B. are constantly 
charged. This is an advantage, as it reduces charging 
transients. Have the Board carried out any tests on 
these capacitance transients? 

The method adopted for testing is very interesting. 
The author states that the test is made between conduc¬ 
tors and chassis, the secondary insulation being short- 
circuited; it is therefore clear that that part of the 
insulation which is more subject to failure due to dirt 
and splash is not tested daily. The Ministry of Transport 
requires that the leakage shall not exceed 3 mA when the 
live parts are alive at 500 volts. The scheme as shown, • 
even with reversed polarity, is not tested under these 
conditions, as certain portions of the circuits are never 
energized above half the line voltage. Without the 
change of polarity the test is, of course, no test, as 
portions of the circuit are not subjected to any appre¬ 
ciable voltage. In my opinion the daily test should 
include both primary and secondary insulation and be 
carried out at full fine voltage. It is appreciated that 
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this may present slight difficulties, but suitable methods 
are available. Regarding the mechanical parts, I agree 
that the trolleybus has far better riding qualities than 
any internal-combustion-engine bus, but even so there 
is room for improvement, particularly in regard to the 
weight distribution and the stiffness of the front springs. 
Softer front springs are probably impossible without- 
individual wheel springing, and this may present great 
difficulties. Correct weight distribution must result in a 
longer wheelbase and heavier chassis, which at present 
is ruled out by weight restrictions. I should much 
appreciate the author’s views on this subject. 

I note that the supply system is not earthed, and it 
would seem that a dangerous condition might arise on 
this account under certain circumstances of atmospheric 
charging of the lines. Can the author state how this 
difficulty is overcome ? 

Mr. W. Gilbert: The scope of the paper is so wide 
that, no doubt necessarily, description has had to be 
limited. This unfortunately might give rise to the 
impression that the methods and devices quoted repre¬ 
sent general practice, and that no other satisfactory, or 
perhaps preferable, solutions are available or in use 
to-day. 

In particular, I would draw attention to the author’s 
comments on the relative merits of rheostatic braking 
with compound and with series motors. In Fig. 1, 
Curve B illustrates the typical braking characteristic 
obtained with a compound motor, while Curve A shows 
the assumed braldng when a series motor is employed 
in conjunction with a current-limiting relay; it is inferred 
that braking in the latter case must be very irregular. 
There is, however, a means of automatically controlling 
rheostatic braking wdth series motors which has proved 
entirely satisfactory and possesses advantages over both 
systems touched on by the author. In this alternative 
scheme automatic regulation of rheostatic braking depen¬ 
dent upon the speed of the vehicle is obtained by the 
use of a multi-contact centrifugal device which governs 
the field strength of the motor, now acting as a generator. 
Owing to the high inductance of the field windings and 
the " build-up ” characteristic of the motor the sudden 
changes of current shown in Fig. 1 do not in fact occur, 
and experience shows that no irregularity in retardation 
is perceptible. Moreover, a more favourable shape of 
characteristic curve can be achieved. 

The characteristic shown in Curve C is open to the 
objection that maximum retarding force coincides with 
maximum speed and thereby tends to impose excessive 
strain on the transmission. Further, if retardation at 
40 m.p.h. is limited to a safe value, then at 5 m.p.h. 
braking becomes negligible. This difficulty cannot be 
satisfactorily overcome by providing two or more notches 
since this reduces low-speed braking still further, or 
- renders it possible for dangerous conditions to occur 
at high speeds. By the use of the centrifugal switch 
operating in the manner described with a series generator 
a characteristic can be obtained which gives, if desired, 
lower retarding force at high speed than at low speed, 
and by cutting out rheostatic resistance on the final 
notches effective braking can be continued down to 
almost zero speed. 

The author mentions that the rheostatic brake switch 


can either be a separate unit, operated by levers from 
the brake pedal, or can be incorporated in the master 
controller. There is still another method, employed 
with considerable success, in which the brake switch is 
embodied in the foot-brake pedal itself, thus eliminating 
all the link gear between the pedal and other units. 

It is further stated in the paper that the first movement 
of the brake pedal open-circuits the control and applies 
the rheostatic brake. Although this is the case on many 
transport systems it is by no means universal practice, 
as some operators prefer matters to be so arranged that 
the driver can hold the bus on an up-grade by means of 
the foot brake while applying the first power notch, so 
that there shall be no chance of run-back on releasing 
the brake. Also, many systems employ automatic 
current-controlled points in their overhead system, and 
to operate these it may be necessary to apply power and 
brake at the same time. To employ the foot brake for 
this purpose would be impossible if the interlocking were 
such as is described in the paper. 

From the author’s description of present-day trolley¬ 
bus motor practice one obtains the impression that a 
single-turn armature winding is essential, in the interests 
of satisfactory commutation. This is by no means the 
case; there are large numbers of trolleybus motors 
working in the most arduous conditions both as regards 
loads and regenerative braldng which employ a two-turn 
■winding and give perfect results as regards commutation. 

Mr. D. C. Irvine: I am very interested in the author’s 
paragraph dealing with protective relays. It is certainly 
an advantage to incorporate the over-voltage relay in 
the vehicle instead of utilizing the over-voltage equip¬ 
ment which is erected in substations. The substation 
relays are very seldom required to operate, but under 
modern traffic conditions there may be times when there 
are no vehicles requiring power yet many that have to use 
the regenerative brakes. Railways work to a strict time¬ 
table, whereas road traffic does not; regenerative braldng 
could be more effectively employed on railways for this 
reason. Again, on railways there is a continuous load, 
while in the case of road traffic unwanted stoppages are 
frequent owing to such things as the signals being against 
all vehicles on one part of the system at once. Appa¬ 
ratus which only comes into operation occasionally has 
a tendency to fail on account of unnoticed faults due to 
such causes as vibration. Plain rheostatic braking com¬ 
bined with pneumatic braldng is the most reliable 
system. 

With reference to de-wirement, has the author experi¬ 
enced this on steep turns such as hairpin bends between 
comparatively narrow roads, when the shoe type of head 
has been used? To overcome this difficulty I suggest 
that the shoe should be pivoted slightly forward instead 
of centrally as shown in Fig. 13: this should assist in 
re-alignment should the shoe accidentally “ nose ” on 
the overhead conductor. 

The chief drawback to this suggestion is that the 
“ nosing ” tendency would be emphasized should the 
occasion arise for the vehicle to be reversed; this opera¬ 
tion is sometimes necessary, but is by no means usual. 

The metadyne system of control has been employed 
successfully on trains. I should like to ask the author 
whether this system has been tried with trolleybuses, 
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and whether there are other objections to it in addition 
to the space taken up by the metadyne motor. 

Mr. C, Johnson: When the compound-wound motor 
was first introduced on trolleybuses on account of its 
inherent and simple regenerative characteristics it was 
claimed that its great advantage lay in the saving of 
energy rather than in the reduction of wear in the brake 
linings and drums. It would appear that the saving in 
•energy is now regarded as of little importance, and the 
rheostatic brake has become the chief electric brake on 
the vehicle. It would be interesting to know whether 
any greater importance is attached to this saving of 
■energy now that economy in fuel supplies is being 
stressed in view of the war. 

One disadvantage of the regenerative brake is that its 
■efficient application depends upon the driver and that it 
is impossible to enforce its use. On the other hand, the 
rheostatic brake is controlled by the air-brake pedal and 
its use is automatic and outside the control of the driver. 
The rheostatic braking of a machine with a compound 
winding can be designed to give a fairly constant braking 
effort over a reasonably wide speed-range, but, as the 
author points out, the braking characteristic can be 
modified considerably by varying the ratio of shunt to 
series turns. 

Varying opinions have been expressed on the compara¬ 
tive braking characteristics of the differential compound 
winding and the shunt winding. They both possess the 
same defect in that the braking acts through the motor 
gearing and must of necessity be limited to the shock 
loading capacity of the gearing at high speeds. The 
maximum braking effort with the compound-wound 
motor is given in Fig. 1 as 2 600 lb., whilst for the shunt- 
wound motor it rises to 3 400 lb. at the highest speed. 
One suspects that the designers would prefer to reduce 
this latter figure if it were possible to do so without 
impairing the utility of the brake. 

In either case, as the speed of the bus falls, the impoi'- 
tance of the electric brake becomes secondary to that of 
the air brake. What one would like to see is an electric 
brake with a characteristic resembling that of an air 
brake, one that would really maintain itself down to a 
low value of speed. The series motor more nearly 
possesses this advantage, although it is recognized that 
there are difficulties in the automatic control of the 
notches. In view, nevertheless, of the excellent qualities 
of the plain series motor for acceleration purposes, does 
the author think this type of motor has received the 
attention it deserves ? Even when a compound-wound 
motor is used, there is always the attempt to produce 
on the power side as nearly a series characteristic as is 
possible. The use of a motor with a strong series winding 
and a relatively light shunt winding as exemplified in 
Curve C (Fig. 1) is at best a compromise in its deviation 
from a plain series characteristic to produce a braking 
characteristic within the capacity of the motor gearing. 
The same braking characteristic could be produced with 
a plain series motor with the field energized from the 
battery during braking. It would be interesting to know 
whether this scheme has ever been considered. 

Although it is true in theory that the electromagnetic 
operating systems of clapper-type and plunger-type con¬ 
tactors differ in their ratio of copper to iron, I doubt 


whether this could be substantiated by comparing various 
manufacturers’ designs of the two types. Even with one 
of the given types, the ratio of iron to copper is a 
pi eference of the individual designer and is often modified 
by several factors. It is, however, generally recognized 
that a clapper-type contactor is simpler in construction 
than a plunger-type contactor and in consequence should 
be easier to maintain. 

It is only recently that sufficient attention has been 
paid to the control equipment of a trolleybus. There 
has been the mistake of regarding the control equipment 
as an inevitable collection of items scattered about the 
Dus, and the design of the individual piece has borne 
little relation to the whole. It is*now becoming standard 
practice to mount as much as possible of the control 
gear in the driver’s cab, and this centralization of the 
equipment is influencing the trend of design. When 
large fleets of trolleybuses are operated, the question of 
maintenance becomes of paramount importance and anjr 
simplification in the design of the control equipment is 
a step in the right direction. 

The author refers only to electromagnetic control. 
It would be interesting to know why electro-pneumatic 
con fcrol, which has been so extensively used in other fields 
of traction, has not been applied to trolleybuses. 

One of the advantages of a trolleybus is its capacity 
for high acceleration, and the tendency is to use this 
asset to the full. It has been suggested that a system 
of automatic acceleration is the best means of controlling 
high rates of acceleration. This would seem to introduce 
complications in the control gear. Does the author 
consider that, on balance, the relative simplicity of the 
modern control equipment outweighs the advantages that 
would result from the use of automatic forms of control 
gear which would give various rates of acceleration ? 

Mr. T. Kearns: The test figures given in the Introduc¬ 
tion show the r.m.s. value of the armature current to be 
103 amperes. This presumably is the highest r.m.s. 
figure over a certain period for the run, and not the 
r.m.s. value for the whole run. I use a figure of 50 
amperes per trolleybus as the diversified load maintained 
at the substation for a heavy service in a flat area; and 
at the schedule speed of the example, namely 10-79 
in.p.h., the kWh per mile per bus are 50 x 600/(10-79 x 
1 000) = 2*78, which compares very closely with the 
value of 2-75 given later in the paper. This means 
that the diversity factor of the buses, owing to stops, 
etc., is approximately 2. The average kWh per bus 
mile over a year for a large industrial city with a flat 
area are 2-76, again very near to the value (2*75) 
given. It would be very useful if a typical load curve 
could be given. What does the author consider to be 
the maximum permissible voltage drop in a trolleybus 
system ? 

A large amount of battery manoeuvring is stated to 
occur during foggy weather. Is this the normal routine, 
or a result of accidental de-wirement ? In the early days 
of the trolleybus a device was invented to indicate to 
the driver the position of the bus in relation to the 
overhead wires. It consisted of a row of lamps in the 
cab, actuated by the swing of the trolley arm. It was 
not adopted extensively owing to the then high cost of 
lamp maintenance. This objection would not apply 
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now, and a row of button lamps, or an indicating instru¬ 
ment, installed in the driver’s cab, actuated either 
electrically or by means of a Bowden wire, would be of 
great assistance to a driver with daylight knowledge 
of the route, and in a combination of fog and black¬ 
out would give a decided advantage over the oil-engine 
bus. 

In the last paragraph of the paper the author implies 
that the addition of a non-stop service is not possible 
with a trolleybus system; such facilities might of 
course be very useful, particularly at peak periods with 
full duplicate buses to termini. It has always been a 
matter of wonder to mg why the overhead circuit follows 
tramway practice so closely, for unlike the tram the 
trolleybus is not limited to rails. The selection of loop 
lines at stops, junctions of one-way streets, termini, etc., 
is possible by control from the driver’s cab, and perhaps 
the author would say why such a scheme is not used 
more extensively. A description of a remote-controlled 
frog for this purpose was published recently.* 

The author’s question “ Do the public like or prefer 
the trolleybus? ” may be capable of answer in London 
and a few of the more progressive cities, but in too many 
instances the appropriate question would be " Do the 
public know the trolleybus? *’ Many wholesale conver¬ 
sions of public transport are decided without the citizens 
having a chance of testing the trolleybus, and once the 
overhead system has been taken down it is a very difficult 
matter to get it reinstated for trolleybuses. The oil¬ 
engine bus is very mobile and also, from the “ manage¬ 
ment” point of view, very desirable; whilst the public 
idea of trolleybuses is that of a long line of vehicles held 
up at rush hours, as were the tramcars. I suggest, 
therefore, to all intimately concerned with the future of 
electric transport that the first essential is to educate 
the public in this matter, in view of the large number of 
transport undertakings run by public authorities, and 
naturally subject to the influence of public opinion. 

Mr. G. R. S. Prasan (India): In the Introduction 
the author says that the rating of the motor depends 
on its duty cycle, including variables such as delays 
arising from traffic signals, slow-moving traffic, and the 
condition of the roads. Such variables are difficult to 
determine. I should like to know whether the motor 
rating is determined empirically by trial and error or 
whether there is a quicker method for its determination; 
for all the variables have to be known in advance in 
order to design a motor to give a specified speed/time 
characteristic, and until the motor has been made its 
characteristic cannot be determined. This seems to be 
a vicious circle. Further, has any attempt been made 
to utilize a motor with two commutators and a double¬ 
wound armature for series-parallel control, with a view 
to,eliminating the coupling of two motors with different 
armatures ? 

Electrical Equipment. No doubt compound motors 
provide the possibility of regenerative braking, but does 
the author consider rheostatic braking to be necessary 
in addition to mechanical brakes? He mentions that 
the shunt winding consists of asbestos-covered wire; 
would not enamelled wire serve the purpose ? One firm 
I know” have adopted the latter method successfully, 
* Transport World, 1939, 85, p, 75. 


and their motors give a better space ratio than wheie 
the former wire is used. 

Control Gear. Has the metadyne been consideied as 
an alternative to rheostatic control of speed ? Its weight 
may be an objection, but against this there is a greatei 
saving in rheostatic losses and complete regeneration, 
thus eliminating rheostatic braking. Moreover, this 
will reduce delays due to control defects by 5 minutes 
or more; such delays are serious in heavy traffic. 

Battery Operation. Does the installation of a battery, 
though it helps in emergencies, justify the weight that 
has to be carried continuously, for without it more 
passengers could be carried and more revenue earned pci 
bus-mile ? I would prefer to make battery-laden trolley¬ 
buses the exception rather than the rule, and to use them 
only where it is difficult to provide turning-circles or 
turntables to reverse the direction of a bus for its return, 
journey. 

Brakes. Will not air-brake operation contribute to 
noise as at present with trams ? 

Mechanical Parts. The motor is connected to the 
driving axles by a short propeller shaft of only 28 in., 
yet giving low working angles of 2°. Tins is likely to 
be exceeded, however, if- road conditions are bad. To 
minimize this danger it is preferable to use a longer shaft, 
with the motor mounted near the front axles. 

Would not a front drive be more efficient than a back 
drive, although it introduces complications by com¬ 
bining the steering and the drive ? The front drive would 
not only do away with propeller shafts with their univer¬ 
sal couplings but also give more headroom on the rear 
axles, as is evident from German petrol-driven ears. 

Chassis-less Trolleybus. This is indeed a development 
in the right direction in body building, as it is more 
rigid. The previous types contribute to a good deal 
of creaking after a couple of years’ use. Trolleybus 
manufacturers would have a market in India if the 
weight of the bus could be reduced, as the loading 
capacities on Indian roads are lower than under the 
conditions prevailing in England. 

Current Collection. Sliding carbon is, I consider, a 
better device to reduce noise, which will be experienced 
more in residential areas, where the trolleybus is par¬ 
ticularly useful for linking the suburbs with the business 
centres. I should like to know, however, the compara¬ 
tive cost of maintenance with sliding carbon and with 
its predecessor the wheel. 

Overhead Construction. It is contended in India that 
the necessity of providing turning-circles or turntables 
precludes the installation of trolleybuses, as the roads 
are narrow. Will the author state what is the minimum 
radius of circle required for, say, a 24-seater trolleybus; 
double-deck buses are out of the question ? I feel that on 
such routes where turning circles are possible the in¬ 
stallation of battery-laden buses is a better alternative 
to the erection of overhead wires. Will the use of sliding 
carbon entail special overhead fittings; if so, will not 
the capital cost of the overhead work be increased ? 

In conclusion, * the success of trolleybus operation 
abroad is keenfy watched in India, as that country has 
absolutely no control over imported liquid fuels but has 
good possibilities of developing water power and steam 
power for the generation of electricity. 
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Mr. F. C. Raphael: From the initial paragraph of the 
paper I gather that supply to trolleybus lines is stan¬ 
dardized at 600 volts (d.c.), and from later observations 
it appears that, although preference is given to both lines 
being unearthed, there are some instances in which the 
negative is permanently earthed. Can the author tell 
us under what conditions the latter circumstances arise, 
and whether the negative is earthed solidly or through 
a limiting resistance ? A development of his statement 
that the unearthed system provides additional safety 
would also be useful; does this additional safety apply 
to the overhead conductors and to the current collection 
or to the vehicles themselves, or does he merely mean 
greater freedom from electrical breakdown on failure of 
insulation? It appears to me that one of the main 
advantages of the unearthed system is that it enables 
a permanent test of insulation to be maintained during 
running hours by the method the author employs for his 


daily test, or by a simple variation of it. Without this 
a dead earth on one line would not become apparent 
until the nightly routine test was made, unless the other 
line developed a dead earth in the meantime. The 
choice between earthed and unearthed overhead lines 
will doubtless depend largely on the source of supply, 
but where separate generation or conversion is necessary 
for the trolleybus service it would appear to be worth 
considering whether a centre-point-earthed system would 
not be the best of all, thus definitely limiting the voltage 
of each trolley wire above earth to 300 volts. Earth¬ 
ing could then be done through an ammeter and 
a limiting resistance, which ^normally would be short- 
circuited by a leakage trip as *on ordinary 3-wire d.c. 
systems. 

[The author’s reply to this discussion will be found 
on page 246.] 


NORTHERN IRELAND SUB-CENTRE, AT BELFAST, 21ST NOVEMBER, 1939 


Mr. F. Johnston : While undoubtedly the single¬ 
motor drive gives simplicity I should have thought that 
the 2-motor drive, not necessarily with series-parallel 
control, would have had such advantages in the event 
of breakdown that this would have outweighed other 
considerations. 

The author states that asbestos-covered wire is used 
for the shunt and interpole windings. My own experi¬ 
ence with this class of covering, even when impregnated, 
has not been satisfactory, owing to its liability to absorb 
moisture. It would be of interest to know how these 
wires were insulated. 

I am amazed at the high temperature rises allowed in 
the main field, namely 70 deg. C. (126 deg. F.). Lloyd’s 
Rules, which follow the I.E.E. Regulations for the 
Electrical Equipment of Ships, allow a 63-deg. F. rise 
for “ A ” class'insulation, in the case of generators and 
motors on ships, and one cannot go beyond 90 deg. F. 
even for propulsion work. Even the U.S.A. and Ger¬ 
many would not allow such a high rise as 126 deg. F. 
Either this figure is very much too high or the allowable 
marine figures are much too small. 

The paper states that the aim is to ensure that the 
level of the sounds emitted from the motor is less than 
the level of conversation inside the vehicle. Surely the 
latter is a very variable quantity; it would have been 
better to have stated the level aimed at in units of 
sound. 

The point which has interested me most is the risk of 
shock on trolleybuses. Shock seems to me to be a very 
real danger, and I am surprised that the Ministry of 
Transport is satisfied with a daily test, when at any time 
during the previous 24 hours there may have developed 
a leak on the system capable of giving a passenger a 
600-volt shock from the line or a static charge at 900 
volts! In my opinion the first danger should be over¬ 
come by installing an earth detector which would show 
at once when a fault occurred, and a relay which would 
at once disconnect the system from the line. The latter 
risk could be minimized by wired or low-insulation tyres. 
It may be that so far no accidents have arisen from this 


cause; but that such will occur when the trolleybus gets 
old seems pretty certain. Rubber mats and insulated 
hand-grips can only be regarded as makeshifts. 

Mr. F. W. Parkinson: I am pleased to note the pre¬ 
cautions taken to guard against the danger of shock to 
persons boarding or alighting. A failure of insulation 
during service is bound to occur some time as the equip¬ 
ment ages and deteriorates, and it can be understood that 
an insulated hand-rail and step provide doubtful pro¬ 
tection in wet weather. It would seem, therefore, that 
the daily examination and tests should be drastic enough 
to break down any weak spots before the vehicle goes on 
to the road. These tests should not be less severe than 
those applied by the manufacturers of the electrical 
equipment, and should be applied immediately the trolley 
bus comes off service. The importance of this is easy to 
realize, as trolleybuses would rapidly lose their popularity 
with the public after one or two fatal accidents. 

Mr. J. S. Scott: Owing to the restricted space, the 
development of suitable motors must have been a difficult 
problem. I think that a straight series-wound motor 
would be a better proposition, as the space factor is very 
small for a shunt winding at 550 volts, especially with 
asbestos insulation, which is considerably thicker than 
fine double-cotton-coveredwire. A series winding giving 
the same maximum excitation would occupy much less 
space for a similar copper loss, and this saving could be 
devoted to making a larger armature, which would help 
the cooling of the machine. The braking problem with 
a series-wound motor may be got over by using a 
variable diverter shunted across the field coils and con¬ 
trolled by a contactor, cutting out the diverter at a 
predetermined overload. I suggest that possibly a Jcette» 
way of cooling the main motor would be by a small 
separate motor-driven fan which would cool the machine 
continuously whether running or stationary. I should 
like to ask the author whether the use of a metadyne 
has been tried, as such a machine would limit the starting 
current and would make regenerative braking possible. 

[The author’s reply to this discussion will be found 
on page 246.] 
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THE AUTHOR’S REPLY TO THE DISCUSSION 


Mr. G. F. Sinclair {in reply ): Mr. Bentley suggests 
the use of an intermediate gear between the driving 
motor and the back-axle worm drive. This has been 
successfully used on trolleybus drives but has been ex¬ 
cluded from modern designs because the saving in weight 
due to the use of a lighter motor, by increasing the arma¬ 
ture speed, is to a great extent lost by the addition of 
the reduction gear. Reduction gears require maintenance 
and, when partly worn, are liable to be very noisy. 

Mr. Bentley’s assertion, that the troubles with con¬ 
tactors may be attributed to the design not being based 
on normal principles, can be dismissed. His suggestion 
of using contactors with fire coils in series and a resistance 
permanently in circuit is not novel and has the disad¬ 
vantage that, if one coil fails, the control is inoperative. 
The arc is always taken on one contactor when contactors 
are connected in series to break a circuit. 

If air compressors are driven from a transmission shaft, 
there is waste of horse-power when the air reservoirs are 
full and the compressors continue to be driven at the 
maximum speed. 

Field diversion is used on compound motors. The 
series field can be diverted up to 50 % of its normal 
strength, thereby giving increased acceleration at trolley¬ 
bus speeds above 20 m.p.h. 

Mr. Croft’s communication emphasizes the useful 
characteristics of the compound motor for trolleybus 
work. The strength of the shunt field in relation to the 
series field determines the generator characteristic. The 
boosted shunt field, and other methods of varying the 
field excitation, can be successfully employed to modify 
the motor or dynamo performance curves of the com¬ 
pound machine. It is probably necessary to reduce the 
regenerative feature of the motor to a minimum in certain 
circumstances, but in London the principle of providing 
regenerative control on the accelerator pedal has the 
advantage of giving an additional brake, for which there 
is a circumscribed use. 

The difference in maintenance between clapper- and 
plunger-type contactors is only noticeable after a period 
of use. The plunger contactor develops worn spindles, 
washers and bushes, and these cause defects which often 
result in the unit becoming inoperative. The copper 
replacements are very much greater with the plunger 
type of contactor, as is also the burning of arc chutes. 

The rise in potential due to the circuit being inductive 
has been measured, and the induced voltage is usually 
under 500. Such components as the compressor motors 
and the contactor coils are responsible for the induced 
voltages. The electric capacitance of each circuit has 
not been tested separately. 

The testing of the secondary insulation nightly would 
^be an added precautionary measure but would be mis¬ 
leading, as the secondary insulation is usually in a vulner¬ 
able position and might give low readings although the 
vehicle would be perfectly roadworthy. Such secondary 
insulation items are usually of porcelain and are cleaned, 
when necessary, during the nightly inspection. 

The effect of a lightning discharge on an unearthed 
overhead system presents no greater difficulties than with 
the earthed system. There is always a limited leakage 
over the insulators and, with the condensers on the line. 


the path to earth for lightning is through the condensers 
and over the insulators. 

I agree with Mr. Gilbert in regard to the design of 
trolleybus motors. A multi-contact centrifugal device 
could be so applied as to provide even rheostatic braking 
with a series motor, but it would be a disadvantage to add 
to the control gear in order to provide a braking feature 
which can be accommodated in the motor. Control-gear 
failures account for a large percentage of the involuntary 
stops with trolleybuses. Centrifugal relays would make 
for further complications in the control circuits. 

Mr. Irvine suggests an out-of-centre pivot for the 
trolley heads in order to overcome de-wirements, 
especially at acute turns. Such a scheme was extensively 
tried out with trolley heads using wheels. The effect is 
beneficial when the head leaves the curve to enter the 
straight, as the action of alignment is quicker. On the 
straight a wobble is set up which gives rise to de- 
wirements. 

The metadyne could be successfully applied to trolley¬ 
buses if weight permitted. The metadyne, besides 
supplying motor current, could also take the place of 
the motor-generator supplying the low-voltage lighting 
circuits. 

Mr. Johnson refers to the use of a series motor fox- 
driving the trolleybus and to exciting the motor field from 
the battery for braking purposes. The practice has not 
been tried on the road but, no doubt, test-bed runs will 
have been made with such an arrangement. One of the 
principles in the design of the equipment has been to 
keep apart high-voltage and low-voltage connections, 
although this has been sacrificed in the motor-generator. 
The variation in the condition of the battery would have 
to be taken into account, but there are no fundamental 
reasons why battery field-excitation for braking could 
not be practised. 

Control gear designed for automatic acceleration would 
give a smoother start than that at present obtained. The 
increase in acceleration obtained from automatic control 
has proved difficult to take advantage of in traffic. The 
system which is being tried in London allows for the use 
of a dash-pot between the power pedal and the master 
controller and for a current-limit relay in the circuit; 
the scheme can be termed semi-automatic. Experience 
may show some marked advantages which will justify the 
additional control apparatus. 

Mr. Kearns gives a figure of 50 amperes per trolleybus 
as the divex-sified load maintained at the substation. 
This value is low, as in London it has been found neces¬ 
sary to calculate the substation capacity on the basis of 
not less than 100 amperes per trolleybus. Six vehicles 
fully laden may simultaneously take up to 250 amperes 
each during acceleration, and this condition has to be 
met. A !~mile section can be overloaded to the extent 
of the number of vehicles which may, for extraneous 
traffic reasons, be in the section at any one time. The 
maximum voltage drop varies with different under¬ 
takings. To obtain feasonable vehicle speeds the voltage 
drop should not exceed 15 %. 

With reference to Mr. Prasan’s communication, the 
theoretical characteristics of the services to be operated 
are plotted. A bus with a self-contained prime-mover 
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can then be operated over the routes to the desired 
schedule, when observations can be taken which will 
show up the traffic features that interrupt the working 
of the schedule. These features are plotted in the form 
of a chart by a recorder on the vehicle. The capacity of 
the motor can be calculated and it is seldom that the 
calculated characteristics vary greatly from the actual. 
Motors with two commutators have been tried, but 
series-parallel control with compound machines is not 
satisfactory. 

Without electric braking on trolleybuses, excessive 
brake-drum wear is experienced. Enamel-covered wire 
for the shunt-field windings would not permit of such 
high temperatures as asbestos-covered wire. 

Batteries on trolleybuses are a necessity if road 
accidents are to be avoided. In the event of an acci¬ 
dent the lights are maintained independently of the 
current supply, thereby avoiding collisions. Battery- 
manoeuvring is a great advantage on heavy-traffic 
routes when vehicles may have to be moved from 
rest from under a dead section or turn short because 
of some road obstruction. 

The rear*-axle drive is in its simplest mechanical form 
when short propeller shafts and worm wheels are used. A 
front-wheel drive is attractive, inasmuch as lower step 
heights are obtainable. The incorporation of a motor in 
each front wheel would overcome transmission problems 
and was tried many years ago. It is difficult to say 
whether the duplication of electric motors would result 
in better operation and maintenance, but the advance in 
motor design since the early experiments would lead one 
to think such a front drive would have some limited 
advantages. 

The use of carbons for current collection from the 
trolley wires requires the overhead fittings to be designed 
to suit the angle of the carbon holders in order to prevent 
the carbons from being damaged on entering or leaving 
the fittings. Compared with trolley-wheel operation the 
maintenance is less and the wire wear negligible. 

The turning-circle required for vehicles is dependent on 
the speed and the wheelbase. A 24-seater trolleybus with 


a 15-ft. wheelbase and 7 ft. 6 in.-gauge front axle would 
turn in a 50-ft. circle at a speed of 10 m.p.h. 

Mr. Raphael’s point in regard to earthed systems can 
be answered when it is considered that many trolleybus 
systems are linked up with the supply to solidly earthed 
.tramways. The additional safety provided by an un¬ 
earthed system is given to passengers and pedestrians. 
The centre-point-earthed system has been considered. 
The effect of a fallen wire or of leakage on a vehicle is 
limited, in the majority of circumstances, to less than 
300 volts on an unearthed system. 

Mr. Johnston raises the question of the single-motor 
drive as compared with thS use of two motors. The 
advantage of having an alternative motor in the event 
of one breaking down is not of great moment, because 
the electric motor is as reliable as many of the other 
components of the trolleybus which are not duplicated. 

The use of leakage detectors is common on many 
trolleybus systems. Where the supply system is earthed, 
these leakage alarms can be used with greater success 
than on an unearthed system. For recording leakages 
the device is useful and, used in conjunction with the 
nightly insulation tests, gives additional information. 
There is the danger of earths occurring in the leakage 
alarms, one side of which is connected to the negative 
wire through a resistance. 

Mr. Parkinson suggests that the insulation test should 
be more rigid in the case of trolleybuses. The design of . 
the vehicles and the disposition of the electrical equip¬ 
ment provides for the necessary precautions against elec¬ 
trical leakage. If the tests and insulation cleaning are 
regularly carried out, the possibility of shocks to pas¬ 
sengers is negligible. 

Mr. Scott is of the opinion that a series motor with 
independent air cooling would be a better proposition 
than a self-ventilated compound machine. The braking 
difficulties would not be completely overcome by the use 
of a variable diverter, and control complications should 
be avoided. The principle of the metadyne could be 
satisfactorily applied to trolleybuses but for the weight 
restrictions. 
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SUMMARY 

This report deals with the rates of rise of voltage at the 
clearance of different types of fault at given points on a 
network, with the relation between the power-frequency 
parameters of the various plant units concerned and those 
effective during the occurrence of the transients of restriking 
voltage, and with the range of values of rates of rise to be 
expected at different types of busbar location. 

Rates of rise of voltage under different types of fault con¬ 
dition are first expressed in general terms. These are shown 
to agree with the values measured under different conditions in 
particular situations on the network of the Birmingham 
Corporation, by means of the restriking-voltage indicator. 
The application of the method of symmetrical components to 
the calculation of transients of restriking voltage on the 
clearance of all types of fault is discussed, with particular 
reference to generators. Rates of rise of voltage in concrete 
instances on an U-kV system are given, the values ranging 
from approximately 200 to 7 000 volts per microsecond: it is 
considered that the latter figure may well represent an upper 
limit in British practice at this voltage. 
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with step-up and step-down transformers at the gene¬ 
rating-station and substation ends respectively. 7 The 
present report deals in a more general manner with 
restriking voltages at various typical positions in a 
generating station and at substations on a large muni¬ 
cipal network. 

By the courtesy and with the co-operation of the City 
of Birmingham Electric Supply Department, the E.R.A. 
was enabled to take records with the restriking-voltage 
indicator 8 (R.V.I.) at typical points on the Birmingham 
network where it was likely that fairly' high rates of rise 
of voltage would be encountered. The measurements 
here discussed were made at two major substations and 
at Prince’s generating station, on portions of the system 
specially isolated and made dead for these measurements. 


taken in various locations are used to deduce the effective 
parameters of individual plant units during transients of 
restriking voltage under different types of fault condition. 
In Section (6), the experimental data on the individual 
plant units are used with Tables 1 and 2 to obtain values 
for inherent rates of rise of voltage, taking account of the 
complete network at the various sites at which tests were 
made. These values are where possible compared with 
values directly obtained from R.V.I. records taken on 
the network under similar conditions. 

It should be clearly understood that the transients of 
restrilcing voltage and rates #>f rise of voltage referred to 
in this report are those inhefent in the system itself, 
without reference to the characteristics of the circuit- 
breaker; that is, the transients are those which would 



Fig. 1.—-Diagram showing relation of points A, B, C, D, etc. (at which measurements were made), to supply on the system. 

For precise condition of portion of network where measurements were made, see later Figures. Ringed numbers on plant or station busbars denote number of 

units of each type on busbars concerned. 


Fig. I is a schematic diagram showing the relation to 
the complete system of the points A, B, C, etc., at which 
the measurements were made. The test points are 
typical of conditions throughout the system. 

The problem of the calculation of rates of rise of voltage 
at various points on a system consists of three parts: 
first, the decision as to what particular values of in¬ 
ductance, capacitance and resistance are to be taken as 
representing each plant unit;* second, how the transients 
due to these circuit components are to be assembled to 
represent those due to the system as a whole; and third, 
the relation between transients of restriking voltage at 
the clearance of different types (phase-phase, phase- 
earth, etc.) of fault at a given point. 

_ In the present report, Sections (2) and (3) give a general 
discussion of the main features of the problem, and con¬ 
tain an attempt to rationalize the subject by arranging 
the various types of fault in suitable groups for ease of 
comparison and calculation, as shown inTables 1 and 2. In 
Sections (4) and (5), data obtained from R.V.I. records 

* A plant unit in this report should be taken to mean a piece of 3-phase 
apparatus (such as a transformer, feeder, reactor or generator) of a kind indicated 
by the context. 


appear across a hypothetical perfect switch (an a switch) 9 
in which the conductivity is infinite up to the instant of 
current zero, and zero immediately thereafter. It is 
further to be understood (unless the contrary is stated in 
specific instances) that the faults referred to are solid (i.e. 
have infinite conductivity). Considerations of arc volt¬ 
age in the circuit-breaker, and fault impedance, introduce 
further complications not dealt with here. 

In this report, the inherent rate of rise of voltage at a 
given circuit-breaker location for a given type of fault 
means the rate of rise of voltage across an a switch at 
that point clearing the fault. The rate of rise of voltage 
is measured by the slope of the tangent from 'the origin* 
of the transient of restriking voltage, to the rising curve, 
as shown in Fig. 14(a) (Plate 2). 

(2) GENERAL ASSOCIATION OF HIGHEST RATE 
OF RISE ON A GIVEN BUSBAR, WITH 
ABNORMAL REDUCTION IN NUMBER OF 
OUTGOING FEEDERS 

The " highest ” rates of rise of voltage discussed in the 
present report will only appear when the specified faults 



Table 1 

Rate of Rise, and First Peak, of Restriking Voltage per Kilo-ampere Fault Current, with Different Types of Fault* 
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occur under certain definite and in some cases unusual 
conditions on the busbar or terminal from which the 
breaker clearing the fault is finally supplied. This con¬ 
dition usually is that no circuit-breaker other than that 
carrying and clearing the fault current shall be closed and 
receiving a supply in parallel with the fault. When this 


rise of voltage set out in Table 10(6) every time it clears, 
the type of fault postulated: but breakers on the main 
busbars wall only encounter rates of rise of the order 
given in Table 10(a), when they operate to clear a fault 
at a time when there are no other outgoing feeders on 
•the busbars. Similarly, when a breaker on the main 


Table 2 


Rate of Rise, and First Peak, of Restriking Voltage for Different Types of Fault* 
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§ Best approximation for this figure is:— 3 
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H Best approximation for this figure is:— 



* 2 + (Z 0 IZ) 


condition is not complied with, the rate of rise of voltage 
will be considerably reduced. For example, where a 
feeder a mile long is connected in parallel with the fault, 
the highest rates of rise of voltage will be reduced to 
something of the order of 50 volts per kilo-ampere per 
microsec. over the first 20-30 microsec., and rates of rise 
already of that order will be reduced by about one-half. 

In certain positions this reduction can never occur; for 
instance, Switch A of Fig. 9 will encounter the rates of 


busbar operates to clear a fault on an outgoing feeder at: 
its terminals, the rates of rise given in Table 15 will only 
occur if there are no other outgoing feeders on the busbar- 
—a condition which can very rarely arise. Under 
normal conditions the rates of rise will be quite consider¬ 
ably lower. The circuit-breaker feeding a group busbar, 
opening on a fault on the group busbar, will, however, 
always have to handle the rates of rise set out in. 
Table 16. 
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(3) RELATION OF INDIVIDUAL PLANT UNITS TO 
THE NETWORK AS A WHOLE 

The determination of parameters to represent each 
individual plant unit in the network is the first problem 
arising in the estimation of rates of rise of voltage at a 
given point. This problem can be studied by means of the r 
R.V.I., a typical record from which appears in Fig. 2(a) 
(see Plate 1, facing page 256). Such records, suitably 
calibrated, may be analysed by methods such as are 
shown, for instance, in Reference (7), to obtain suitable 
parameters for the elements It, L, G, M lt of a network such 
as that of Fig. 3, which wiU completely represent each 
phase of the plant unit *tmder investigation so far as 
transients of restriking voltage are concerned. Once 
these values are known for any plant unit, the part 
the latter plays in the transient of restriking voltage 
can be calculated. It, L, G, and R 1 are special values 
appropriate to the transient conditions dealt with; they 
will, of course, usually be related to some of the supply- 
frequency-operating characteristics of the plant unit 
-under examination, but the relation is not always easy to 
•determine from first principles. It is in many cases also 
necessary to set up different equivalent networks such as 
that of Fig. 3, to represent the impedance of the given 



Fig. 3.—Equivalent network representing one phase of most 

plant units. 

plant unit to positive or negative and to zero phase- 
sequence phenomena. 10 

In the present investigation the full analysis of all the 
records taken on different plant units has not yet been 
completed. Values have in most cases been obtained 
for the quantities L and C referred to above, but the 
resistance (loss) components have not yet been evaluated 
since this feature is at present under investigation in a 
detailed study of individual types of plant unit. 

It would be a tedious process, and usually unnecessary, 
to calculate the transient of restriking voltage with refer¬ 
ence to the oscillatory characteristics of the whole system 
from which the fault under examination is supplied. 
Usually, oscillatory components arising from one or at 
most two plant units determine the main features of the 
■early portion of the restriking-voltage transient, and the 
whole supply network operates, so far as these plant 
units are concerned, mainly to fix the voltage associated 
with each of these major components of the restriking- 
voltage transient. If, for instance, as normally happens 
-vat a substation fed through one or more transformers, the 
important part of the transient is determined by the 
■characteristics of the transformers, we can treat the 
transformers as, in effect, an impedance, giving a rate of 
-rise of voltage of so many volts per microsecond per kilo- 
ampere of fault current (cf. "recovery impedance”). 11 
The network as a whole determines the fault current at 
The point considered; when the fault current has been 
calculated for any given supply and fault condition, the 
-then inherent rate of rise of voltage at the point under 


investigation can be calculated by taking the product of 
the fault current in kilo-amperes and the rate of rise of 
voltage per kilo-ampere. 

It is thus convenient, in studying the restriking- 
voltage characteristics of various plant units, to obtain 
for each unit a figure for " rate of rise of voltage, in volts 
per microsecond per kilo-ampere fault current.” It is 
also convenient to obtain a figure, in volts per kilo- 
ampere, for the first peak reached in the transient of 
restriking voltage. 

(4) EFFECT OF TYPE OF FAULT CLEARED ON 
RATE OF RISE OF VOLTAGE 

(a) Dominant Oscillation Frequency 

One of the main features determining the rate of rise 
of voltage at a given circuit-breaker is the resonant 
frequency of the main impedance in the system supply¬ 
ing it. This in many cases varies with the type of fault 
cleared, even for different types of fault at the same 
point on a given system. Consider, for instance, the case 
of the Bangor Road transformers [see Fig. 2(b), Plate 1], 
assumed, for simplicity, supplied from a generator of 
zero impedance, situated at the high-voltage terminals. 
The switch A, clearing faults of different types on the 
cable between the switch and the 11-lcV busbar in the 
substation, can set up several different frequencies. 

A 3-phase-earth fault on the particular type of circuit 
here considered is cleared in two stages—first one phase, 
then the other two—the busbars remaining connected to 
earth after the fault has been cleared. The circuit in 
which current is interrupted at the clearance of the first 
phase is as shown in Fig. 4 (a). Since the cables between 
the transformers and the switch are all single-core cables, 
with sheaths earthed, all the capacitance on these 
cables is capacitance to earth, the direct interphase 
capacitance, arising only inside the circuit-breaker and 
in the transformers themselves, being negligible in 
comparison. If the equivalent star leakage inductance 
of the transformers is L per phase, and the capacitance 
to earth of the cables G per phase, the resonant frequency 
of the supply network is given by 

f = 2tt\/(G X 1 -5L) = °' 816jf 0 
where f Q = 1/[2tt\/(LC)] 

At the interruption of the second two phases of a 
3-phase-earth fault, the equivalent circuit is as shown in 
Fig. 4(&). Here' the resonant frequency is given by 

/ = _ l _ — f 

2ttV(2£ X 0*5(7) /G 

Apart from its influence on the general manner in which 
certain types of fault are cleared (discussed in Appen¬ 
dix I), the use of neutral-earthing reactors can introduce 
a third frequency ipto the phenomenon as follows:— 
Suppose the neutral-earthing reactor* of Fig. 2(b), 
Plate 1, removed to the supply side of the switch, the 
connections being made by very short cables, so that C 

* A neutral-earthing reactor may also be known as a neutral-earthing trans¬ 
former or a neutral-earthing compensator. 
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is unaltered. This represents the case of a switch on the 
busbars clearing a fault on an outgoing feeder, no change 
in the value of O being postulated for the sake of clarity 
in comparing frequencies. At the clearance of the first 
phase of a phase-phase-earth fault, the equivalent net¬ 
work is as shown in Fig. 4(c). Replacing the neutral¬ 
earthing reactor (as is legitimate) by resistance and 
reactance in series between the neutral point of the 
equivalent star representing the transformers and earth, 



Fig. 4.—Types of fault clearance giving rise to different 
frequencies on the same network. 

Phases shown open and with dotted terminals are those at which rupture is 
taking place. 

(») Equivalent circuit at interruption of first phase of 3 phase-earth fault supplied 
by transformers connected to switch by single-core cable. Resonant 
frequency 0-815/0, where/ 0 = 1/[2ttV (£0)]. 

( b ) Equivalent circuit at interruption of 2nd two phases of 3 phase-earth fault 

supplied by transformers as above. Resonant frequency / 0 . 

(c) , (d), \e) Successive reductions of equivalent circuits at interruption of first 

phase to clear of phase-phase-earth fault supplied by transformers as 
above, and neutral-earthing reactor. Resonant frequencies/ 0 and 0 • 577/ 0 . 

there follows the circuit of Fig. 4(d), in which the im¬ 
pedance in the star-earth connection is sufficiently high 
to be disregarded in comparison with the limb of the 
star in parallel with it. This leaves an equivalent net¬ 
work such as that of Fig. 4(e), which has two resonant 
frequencies, f Q and 0-577/ 0 , the amplitude of the com¬ 
ponent associated with the lower frequency being three 
times that associated with the higher frequency. The 
higher-frequency term will be fairly rapidly damped 
out by the finite impedance in the s.tar point-earth 
connection. Fig. 5, Plate 1, is a. typical record showing 
these two frequencies. 

These various frequencies can also be deduced by 
consideration of the combinations of phase-sequence 
impedance networks discussed later in the report and 


in Appendix II: it is probable, however, that a clearer 
idea of the phenomena involved is obtained as described 
above. 

(b) Influence of the System beyond the Fault 
The highest frequency of those discussed above (i.e. / 0 ) 
is the one which, from considerations of the supply 
circuit alone, should always be operative for faults 



Fig. 6.—Condition of the interruption of the first phase to 
clear of a 3-phase fault, taking account of the system 
beyond the fault. 

If 0^ is large compared with Cfi, resonant frequency = 0-815/ 0 , where 
0 = l/[2m V(LC)]. 

involving no connection to earth. In fact, however, 
for the first phase to clear of a 3-phase short-circuit, for 
example, the frequency is less than this, by reason of the 
effect of the system beyond the fault. 12 Conditions at 
the interruption of the first phase to clear of a 3-phase 
fault are shown in Fig. 6. If Cj is large, the resonant 
frequency of the system from the point of view of the 
phase clearing is 0-815 f Q . In practice it will vary 
between this figure and f Q . 

(c) Effect of Method of Supplying Neutral Earth 

There is quite an important difference between 
transients of restriking voltage arising at the clearance 
of the earlier phases of faults to earth, on systems in 
which the neutral earth is supplied by resistance to the 
neutral point of three transformers, and on those in 



Fig. 7.—Effective circuit at clearance of first phase of phase- 
phase-earth short-circuit: system with neutral earth 
supplied by resistance to star point. 

which the neutral connection is supplied by a neutral¬ 
earthing reactor. Consider the case, for instance, of the 
first phase to clear of a phase-phase-earth short-circuit. 
In the case where the neutral earth is supplied through a 
resistor, the effective circuit at the clearance of the first 
phase is as shown in Fig. 7. Here the inductance of 
the remaining phase is, so far as the transient »of 
restriking voltage is concerned, substantially short- 
circuited by the neutral-earthing resistance, and the 
resonant frequency of the supply circuit is f Q . The first 
peak of the restriking voltage is proportional to the 
current interrupted and to the inductance L of one 
phase of the transformer. 

In the case where the neutral-earthing reactor supplies 
the earth point, the effective .circuit is as shown in Fig. 7 
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but with the resistance replaced by an inductance which 
will in general be quite large compared with L. The 
case is now that of Fig. 4(g): the restriking-voltage tran¬ 
sient will have two frequencies, f Q and 0 • 57/ 0 , and the 
first peak of restrildng voltage will be proportional to the 
current interrupted and to an inductance of about 1*7 L. 

The distinction between a neutral-earthing resistor 
and a neutral-earthing reactor is not usually so clear-cut 
in practice as the above discussion would appear to imply. 
In general, if two or more star-connected transformers or 
generators are feeding on to a busbar in parallel, the 
neutral-earthing resistor is connected to one of them only. 
The zero phase-sequence reactance is thus higher than 
the positive or negative phase-sequence reactance, and 
so even with a " neutral-earthing resistor ” it is necessary 
to insert reactance into the earth branch of Fig. 7 to 
simulate the network correctly. It is therefore only when 
a single 3-phase transformer bank consisting of three 
single-phase units is supplying the busbars that the 
distinction between the two types of neutral earthing is 
quite clear: when a single generator or 3-phase trans¬ 
former is in question, account must be taken of the 
difference between the positive and zero phase-sequence 
impedance per phase. 

(d) Effect of Side of Switch at which Neutral Earth 

Point is Provided 

Where several supply units are feeding a busbar in 
parallel, it is usual to earth the neutral point of one 
only, so that circuit-breakers between the supply plant 
units and the busbars, clearing on a busbar fault, may 
operate with the neutral earth connection on the fault 
side of the switch. In this case the method of opening 
on faults is different from that which applies when the 
supply neutral is earthed, the chief difference being that 
the circuit is always opened in two stages, irrespective 
of the type of fault cleared, whereas with the neutral 
earth on the supply side the circuit may be opened in one, 
two, or three stages according to the type of fault cleared. 
The point is more fully discussed in Appendix I. 

(e) Comparison of Values of Rates of Rise of Voltage, 

and of First Peaks of Restriking Voltage, for 

Single Plant Units for Different Types of Fault 

Cleared 

It is now possible to summarize the various rates of 
rise of voltage encountered on clearing the different 
types of fault on systems of the general types here con¬ 
sidered—that is, sj^stems with neutral earth connection 
afforded by neutral-earthing resistors and neutral-earth¬ 
ing reactors, connected on the supply and fault side 
of the switch under investigation. Such a summary 
appears in Table I. In this Table, Col. 2 shows the 
type of 3 fault considered, Col. 3 shows the particular 
stages in the clearance of the fault, and Col. 4 makes 
reference to the circuit diagrams of Fig. 8, which show 
the circuits effectively determining the restriking- 
voltage transients. Cols. 5 and 6 show the frequencies 
which determine the restriking-voltage transients, with 
the neutral earth connection „ afforded by star-point 
resistor and neutral-earthing reactor respectively. 

If the frequency of an undamped single-frequency 


transient of restriking voltage is /, and the total re¬ 
actance through which current ceases to flow is ojL, the 
rate of rise of voltage in volts per microsecond per 
kilo-ampere fault current is given by 0-644 x 10— 2 o)Lf. 
This figure is given in Cols. 11 and 12 of Table 1 for 
single-frequency transients. Where double-frequency 
" transients with the frequencies in known ratio are in 
question, the rate of rise of voltage per kilo-ampere is in 
general terms 0 • 644 x 10~ 2 IcojLf, where h can usually be 
calculated. These figures also are given in Cols. 11 and 
12 for double-frequency transients. In single-frequency 
transients the first peak of restriking voltage is given by 

2 828a )L volts per kilo-ampere, and for double-frequency 
transients it is 2 828 Jc'ojL, where Jc' can again be calculated 
for a known ratio of frequencies. These figures are 
tabulated in Cols. 13 and 14. 

To obtain the inherent rates of rise of voltage and the 
peak of restriking voltage under any given fault con¬ 
ditions from single-circuit components, it is now only 
necessary to calculate the fault currents under the 
particular fault conditions, and multiply the appro¬ 
priate figures of Table 1 by the relevant fault current 
in kilo-amperes. r 

These fault currents can in general be expressed in 
terms of the supply voltage and the phase-sequence 
impedance of the supply system. If we assume that the 
switch under consideration will clear the fault immedi¬ 
ately it occurs, we can write Zy=Z" x —Z^—Z* say. Then 
if m p is the supply voltage per phase, and I = E p fZ, the 
fault currents to earth through the switch for 3-phase, 

3 phase-earth, phase-phase, and phase-earth faults are 
respectively J, I, 0*8661, and I x 3 Z (2Z + Z Q ), the 
last figure holding only for the case where the neutral 
earth point is on the supply side of the switch. 

It is not possible to express, in general terms suited to 
the present discussion, fault currents through the switch 
per phase in a phase-earth fault with the neutral earth on 
the fault side of the switch, or in a phase-phase-earth fault. 
In the former case the fault current will alwaj^s be quite 
small in comparison with the other currents here dis¬ 
cussed, In the latter case the fault current per phase 
can be taken as approximately 0*8661. This holds 
with the neutral earth on the supply side if Z Q [Z is large: 
it also holds with the neutral earth on the fault side of 
the switch, after the small current in the unearthed 
phase has been cleared. 

Using these values we can extend Table 1, as is done 
in Table 2, to cover inherent rates of rise of voltage, and 
peak restriking voltage, under different fault conditions. 
In Table 2, Col. 5 shows the fault current cleared in each 
stage of clearance, expressed as a multiple of the 3-phase 
fault current per phase. Cols. 6, 7, 8 and 9 correspond 
to Cols. 11, 12, 13 and 14 of Table 1, multiplied by the 
appropriate fault current from Table 2, Col. 5, to give 
inherent rates of rise and peak voltages under fault 
conditions. 

It will be seen that under the circumstances discussed 
above, the type of clearance giving the highest rate of 
rise of voltage and peak restriking voltage per pole of 
the circuit-breaker is the first phase to clear of a 3-phase 
fault; this is followed closely by the first phase of a 3- 

* Z\, Zi, Z o are positive, negative, and zero impedances. 7J' X = sub- 
transient value of Z. 
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phase-eartli fault, with neutral-earthing reactor, and 
then by the first phase to clear of a phase-phase-earth 
fault with high fault impedance to earth. It should be 
remembered, however, that per pole of the breaker, the 
highest recovery voltage will occur on clearance of the 
first phase of the phase-phase-earth fault. 

The relations of Table 2 only hold strictly if the breaker 


is regarded as opening directly the fault occurs. If this 
is not the case, i.e. if the rupturing capacity which the 
rea er 1S supposed to handle is determined taking 
account of the demagnetization of the machine during 
t xe time the breaker’s relays are operating, Z~ cannot be 
equated to Z v As time goes on, Z, will Increase in 
♦relation to Z 2 \ that is, the decrement of the 3-phase 
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Three-phase and phase-phase unearthed faults clear in the same manner as with earth on supply side (see d and e above), except that fault point is earthed 

instead of supply neutral. 

Fig. 8.—Effective circuits at clearance of different types of fault (see Table 1). 
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fault current will be greater than that of the phase-phase 
fault current, so that the ratio of single-phase to 3-phase 
fault current will increase, and the magnitude of the 
former may even exceed that of the latter after some 
time. It is thus probable, since the rates of rise of 
voltage, etc., per kilo-ampere are not affected by these 
considerations, that the rate of rise of voltage per pole inr 
the first phase to clear of the phase-phase-earth fault 
will approach, if not exceed, that of the 3-phase fault, 
and the first peak of restriking voltage in the former 
case will exceed that in the latter. 


(5) EXPERIMENTAL DATA ON EFFECTIVE CIR¬ 
CUIT PARAMETERS UNDER TRANSIENT 
CONDITIONS, AND THEIR RELATION TO 
POWER-FREQUENCY PARAMETERS 

(a) Transformers 

In the present investigation, records were obtained on 
three 3-phase transformer groups, one at Bangor Road 
(point A, Fig. 1) and two at Sparkbrook (point B, Fig. 1). 
Details of connections in these substations are given in 
Figs. 9 and 10 respectively. The present section deals 
only with the characteristics of the transformers them¬ 
selves and of the cables between the transformer low- 
voltage windings and the circuit-breaker to the busbars. 
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Earthing resia(4 ohrr^TJ 



xiL 

T T T C * 

Cable reactance 
0-044 ohm/phase 
at II KV 
Ls 



=p Cable and busbar 
capacitance 


Fig. 9. —Connection to Bangor Road substation. 


(<t) Single-line diagram. 

( 6 ) 3-line diagram showing components affecting restriking-voltage transients. 


Lx — 0-131 ohm per phase at 11 kV, 50 c,/s. 
L<i — 0-731 ohm per phase at 11 kV, 50 c./s. 
L$ — 0-731 ohm per phase at 11 kV, 50 c./s. 
C 2 = 0-795 jxF per phase at 38 kV. 


f 


l Red phase 71 ft. 1 0; 5-sq- in- paper-insulated lead-covere. 
Cg-i White phase 81 ft. Umicore 5-kV cable between trans 


0-020-lfiF 
0-0232 ju,F 
0-02G2 juF 


The transformer bank at Bangor Road consists of three 
single-phase units, each 18-5/10-75 kV, 4 000 kVA, 
7-5 % impedance, with primary starred and secondary 
connected in delta, the delta points being formed at 
the switch. The two banks at Sparkbrook (Nos. I 
and II) each comprised three single-phase units, each 
18'5/10*75 kV, 6000 kVA, 9% impedance, similarly 
connected. The latter two banks were identical except 


for the lengths of cable from winding to delta point: 
even here the difference was not great. 

Fig. 2(a), Plate 1, shows an R.V.I. record taken 
between phase and phase-phase-earth of the Bangor 
Road transformer, with the neutral-earthing reactor 



Fig. 10 .—Connections to Sparkbrook substation, 

>) Single-line diagram. 

’b) 3-line diagram showing components affecting restriking-voltage transient. 
Feeder A Feeder B 


Ll = 0-050 O per phase at 50 c./s. 0-050 II per phase at 50 c./s. 

L% — 0-605 fl per phase at 11 kV, 60 c./s. 0-605 fi per phase at 11 kV, 50 c./s. 

£3 = 0 - 605 Cl per phase at 11 kV, 50 c./s. 0- 605 fl per phase at 11 kV, 50 c./s. 

C 2 = 4-25 jiiF per phase at 33 IcV. 4-25 ^F per phase at 33 kV 


("Red phase 49 ft. 
Og: -< White phase 61 ft. 
(Blue phase 73 ft, 


I 


run 
cable* 


Ci: Whole busbar = 0 • 006 n-F per phase. 


0-0281 gF 72 ft 

nr J __ n.noe ..-c- nm a. 


0-035 
0-042 /xF 


60} ft. 
72 ft. 



0-0408 
0-0S47 /u.F 
0-0408 ,xF 


* Four cables per phase between windings and delta point near switch, 
0-5-sq. in. paper-insulated lead-covered single-core cable, C kV. 


connected across it by temporary leads [see Fig. 2(6)] 
and with the high-voltage windings short-circuited to 
earth. This record shows the form of the transient of 
restriking voltage which would arise if the high-voltage 
side of the transformer were supplied from an infinitely 
large generator at its terminals, and a switch, located as 
shown in Fig. 2(6), were operating to clear the first 
phase of a 3-phase fault. (The " beating ” of the high- 
frequency component of this transient is probably due 
to asymmetry between the phases of the transformer or 
between phases of the neutral-earthing reactor, and 
has not yet been properly accounted for.) Analysis of 
this record and other similar records obtained on the 
Bangor Road and Sparkbrook transformers yields the 
data shown in Table 3. The frequency of the oscillatory 
term in Fig. 2(a) is of the order of 20 kc./s,: by chance, 
the frequencies given by all three transformers investi¬ 
gated were of this order. 

The data regarding the system constants obtainable 
from the records of the undertaking were the percentage 
reactance of the transformers and the capacitance to 
earth of the single-core cables between the transformer 
windings and the test point. These figures are given 
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Plate 1 




Fig. 2. —Bangor Road substation. Restriking-voltage tran¬ 
sient at clearance of first phase of 3 phase-earth busbar 
fault. 

(a) R.V.I. record of transient of restrildng voltage at first phase to clear of 

3 phase-earth fault on system of (b). 

( b) System at clearing of first phase of 3 phase-earth fault, assuming supply of 

zero impedance (for system data, see Fig. 9). 



Fig. 5 .—Transformers at Bangor Road. R.V.I. record 
showing transient of restriking voltage at clearance of 
first phase of phase-phase-earth short-circuit, with supply 
of zero impedance. 

Note the double-frequency transient, referred to in Section 3 (a) 



Fig. 11 .—11-kV alternator (Princes power station, Nechells): 
R.V.I. records across 11-kV 23 435-kVA alternator 
(15-5 % reactance) solidly connected to 174-yd. run of 
cable, 6 conductors per phase, each conductor 0-5-sq. in. 
paper-insulated lead-sheathed single-core cable. 

Top three records, phase-phase (R-B, B-W, W-R): bottom record, 
R-(B + W). Neutral solidly earthed in each case: 270 amperes flowing in 
field circuit, rotor pole axis horizontal during measurements. 


Journal I.E.E., Vol. 86. 


(Facing -page 256.) 
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Plate 2 



Fig- 13. —Reactor bank (Princes power station. Nechells): 
R.V.I. record between one phase and other two phases 
(earthed) of 1 500-amp. 11-kV 3-5 % reactor bank, from 
main-busbar side. 

Referring to Fig. 12, the R.V.I. was applied between one phase and the other 
two phases (earthed) at C, with three phases short-circuited to earth at G. 



Fig. 16.— Breaker C at Sparlcbrook (see Fig. 10): R.V.I. 
record showing transient of restriking voltage at clearance 
of phase-phase fault fed by transformer No. 1 with an 
infinite 11-kV busbar at the generating station. 

The record illustrates small effect of system behind last plant unit on rate of 
rise, and first peak, of restriking voltage. 





Fig. 17. —Breaker A at Bangor Road (see Fig. 9): R.V.I. 
record showing transient of restrilcing voltage at clearance 
of first phase of 3 phase-earth fault, with infinite 11-kV 
busbar at the generating station. 

The record illustrates small effect of system behind last plant unit on rate ol 
rise, and first peak, of restriking voltage. 


Fig. 14. —R.V.I. records obtained on neutral-earthing reactor 
at Bangor Road. 

(a) Between three phases of neutral-earthing reactor at Bangor Road, and 
earth. (6) Between phase and earth of Bangor Road transformer with neutral¬ 
earthing reactor in parallel [see Fig. 2 (6)]. 
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in Table 3, Cols. 2 and 5 respectively. Direct analysis 
of the R.V.I. records to obtain the reactance values per 
phase gives the figures shown in Cols. 3 and 4. These 
figures are considerably lower than the reactance per 
phase given in Col. 2. It has previously been suggested 7 
that the effective reactances of transformers determining 
the transients of restriking voltage are considerably 
lower than the rated reactances at power frequency, and 
the present results lend support to this view. This 
point is now being studied in some detail. Col. 5 of 
Table 3 shows the capacitance per phase due to the 
capacitance to earth of the cables between the trans¬ 
former windings and the delta point at the switch, and 
Col. 6 shows the effective capacitance values per phase 
deduced from the observed frequency of the restriking- 
vol'tage transient and the reactance values given in Col. 
4. The differences are attributable to the self-capaci- 


above values of L and G, will in general be slightly 
higher than the true rates of rise by reason of the effects 
of the losses in the transformer, which operate mainly 
as parallel resistance to damp out the oscillatory portion 
of the restriking-voltage transient. 

(b) Generators 

R.V.I. measurements were made at Birmingham on an 
11-kV alternator, giving 23 435 kVA at 0 - 8 power factor, 
15-5 % reactance, connected to its circuit-breaker by a 
174 yd. run of cables. The measurements were made 
with the rotor circuit closed and with various phase 
connections, and at field currents up to 75 % of full 
(open circuit) excitation. * 

Fig. 11 (Plate 1) shows four of the records obtained. 
These, which are entirely typical of all the records 
taken on the generator, are (top three) transients be- 


Table 3 


Transformers: Data on Reactance and Capacitance from Restriking-voltage-indicator (R.V.I.) 

Measurements and from Maker's Figures 


• 

1 

2 

3 

4 

5 

6 

7 

Transformer 

Reactance values per phase from:— 

Capacitance values from:— 

Col. 6-Col. 5J 

Rated 

impedance 

Sustained* 
amplitude on 
R.V.I. 

Amplitude* 
of R.V.I. at 
zero time 

Length x capacitance 
per unit length of 
cables from trans¬ 
formers to breakerf 

Reactance of Col. 4 
and observed fre¬ 
quency on R.V.I. 
records 

Bangor Road (12 000 kVA) 
Sparkbrook I (18 000 kVA) 
Sparkbrook II (18 000 kVA) 

ohm 

0-72 

0-58 

0-58 

per phase at 80 < 

0-63 

§ 

§ 

:./s. 

0-63 

0-46 

0-47 

0-0218 

0-0315 

0-038 

iu.F per phase 

0-025 

0-035 

0-039 

0-0032 

0-0035 

0-001 


* Values of wL In Col 4 are all deduced from records between phase R and the other two phases earthed; Col. 3 is the mean of two readings (0 • 61 and 0 • 65) taken 
between phase and two phases, and between two phases, respectively, 
t Maker’s figures 

j Difference attributable to transformer self-capacitance, to departure of cable capacitance from stated value, and to errors of measurement. 

§ No records available. 


tance of the transformer windings, the capacitance to 
earth of the circuit-breaker spouts, and to departures of 
the cable capacitance from the rated value: the differ¬ 
ences, whilst they vary somewhat from transformer to 
transformer, do not lie outside the range of values 
expected; for example, the self-capacitance of an 11-kV 
transformer winding may be of the order of 0 • 005 /xF 
per phase. 

From these results it may be concluded that where the 
combination of transformer reactance per phase, and 
cable capacitance to earth per phase, is such as to give 
rise to frequencies of the order of 20 kc./s., the effective 
transformer reactance determining the frequency should 
be taken as, say, 85 % of the rated reactance at power 
•frequency. Where single-core cables connect the 
transformer secondary to the busbars, their capacitance 
to earth deduced from the installed length and the 
maker’s declared capacitance per unit length per phase, 
will usually give a sufficiently accurate figure for the 
effective shunt capacitance per phase determining the 
oscillation frequency. 

Rates of rise of voltage, calculated on the basis of the 
Vol. 86. 


tween phases, R-B, B-W and W-R respectively; and 
(bottom record) between one phase and the other two, 
the neutral being solidly earthed in each case. All were 
taken with the rotor in the same position, and with 
270 amperes, supplied from a separate exciter set, flowing 
in the field windings. 

In studying a generator with the R.V.I., it is necessary 
to consider whether the position of the rotor pole axis 
relative to the stator windings affects the results to any 
marked degree. The fact that the top three records 
of Fig. 11, which in effect give three rotor positions with 
respect to one phase combination, are substantially 
identical, shows that this point is of no great importance 
in the present instance, and no further reference will T5b 
made to it. It has been noticed in experiments made 
elsewhere that the form of R.V.I. records obtained 
across a generator varies considerably with the degree 
of excitation; in the present instance, however, records 
taken with zero, 30 % and 60 % of full (open circuit) 
excitation can hardly be distinguished from those of 
Fig. 11 at 75 %, so that the effect of excitation cannot 
be discussed here: it is quite possible, however, in the 

17 
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present instance that changes in the R.V.I. record might 
become apparent if the field current were increased to 
values approaching full-load excitation. Such changes 
would be in the direction of increased frequency, less 
apparent damping, and smaller amplitude, all due to 
reduction of effective inductance by saturation in iron 
flux leakage-paths. 

Even neglecting the influence of change of field current 
and of the position of the rotor axis, it is difficult to 
relate the transient of restriking voltage given by a 
generator to the power-frequency parameters of the 
machine or to give definite values to the constants of an 
equivalent circuit, such as that of Fig. 3, representing 
the machine. This arises In two ways: first, because the 
effective reactance or inductance and capacitance of the 
windings per phase varies with the type of fault in¬ 
terrupted; and second, because the “ effective ” re- 


It is not convenient to have to use two values of 
reactance in a single calculation of rates of rise of voltage, 
i.e. one for amplitude and the other for frequency, and 
in the present state of knowledge it is probably sufficient 
to use a reactance value appropriate to amplitude con¬ 
siderations, and to apply a correction factor (less than 
unity) to known capacitances for the purpose of calculat¬ 
ing frequencies. The appropriate effective capacitance 
values for the generator in question are given in Table 4, 
Col. 7: it will be seen from Col. 8 that they are of the 
order of 80 %-90 % of the known capacitance values. 

To summarize, it may be said that in turbo-alternators 
of the type here considered, the effective positive and 
negative reactance per phase to be used in estimating 
transients of restriking voltage will be between 50 % 
and 75 % of the sub-transient reactance obtained from 
the rated kVA and percentage reactance of the machine, 


Table 4 

Alternator* with Solidly Connected Cable (Princes power station, Nechells). Data on-Reactance 

and Capacitance, from R.V.I. Records 


1 

2 

3 

4 

5 

6 

7 

r 

8 




Reactancet 


Effective react- 



R.V.I. 

Connectionf in which R.V.I. 

Frequency of 

effective at 

Inductance 

ance deduced 

Effective 

Col. 7 as a 

Record 

oscillatory 

frequency in 

corresponding 
to Col. 4 
(mH per phase) 

from Col. 3 and 

capacitance 

percentage of 

No. 

was taken 

W,-, .. , . - . - — ■ ... 

component, 

kc./s. 

Col. 3, ohm 
per phase at 

50 c./s. 

known capaci¬ 
tance per phase, 
ohm per phase 
at 50 c./s. 

from Cols. 3 
and 0, 

M F per phase 

known equivalent 
shunt capaci¬ 
tance, % 

169 

Phase to phase 

6 

0-65 

2-07 

0-52 

0-33 

80 

169 

Phase to phase-phase 

6 

0- 64 

2-04 

0-51 

0-33 

80 

170 

Phase to earth 

6-3 

0-52 

1-65 


0-37 

90 

170 

Phase to phase-phase earth 

6- 85 

0-44 

1-4 


0*37 

on, 

170 

3 phases to earth .. 

6-9 

0*27 

0-86 

0-24 

0-36 

88 


phase, each 0• o-sqHn.^rost-section'and 173|yd.’long! capacitanrob'-’sG? uF*per 1000vd^ercoVr^enerator^i^r at point - t ° f tes J by si * single-core cables per 

perphase. 1VaIent ***“ is0 ^ 1 ^Wnilc|acgWW3548°*SSSf SKS 

T e rig, a, [a) to (e). j From amplitude considerations. 


actance for any phase connection may increase consider¬ 
ably with time within the interval considered. 

The variation of " effective reactance ” with time 
arises from the fact that the leakage flux determining 
this reactance passes in the main along paths through 
iron or copper, eddy currents in which prevent the flux 
from following immediately, any change in the current 
through the windings. 

These points are brought out in Table 4, which gives 
figures deduced from R.V.I. records across the generator 
refeired to above. Col. 4 gives the effective reactances 
per phase deduced from considerations of initial am¬ 
plitude: these agree amongst themselves according to 
rhe relations set out in Appendix II. Col. 6 shows the 
effective reactance per phase for the simple connections, 
deduced from consideration of observed frequencies and 
known (directly measured) capacitances. 

The reasons why the reactance values of Col. 4 differ 
from those of Col. 0 and both differ from the (power 
frequency) sub-transient reactance of the generator, are 
given in Appendix IV, where the general problem of 
effective generator reactance is discussed. 


the higher values being associated with the lower fre¬ 
quencies, while the effective zero phase-sequence 
reactance will be probably from 20 % to 40 %. Effective 
reactances at the interruption of faults of different types, 
can be obtained by assembling the symmetrical reac¬ 
tances as shown in Appendices II and III. The effective 
reactance determining the frequency will in general be 
somewhat lower than the effective reactance determining 
the apparent mean of the amplitude of oscillations. 
Such a situation will in many cases be best met by assum- 
us is done in the relevant part of the present report, 
that the capacitance to be used in calculation is less 
(in the present instance, by about 20 %) than the value 
obtained by direct measurement or the equivalent. 
The whole subject of generators in relation to transients, 
of restriking voltage is the subject of a separate in¬ 
vestigation which it is hoped to report in due course. 

(c) Group-Feeder Reactors 

Group-feeder reactors can have an important influence 
on the rate of rise of restriking voltage across circuit- 
breakers, both on the main and an the group busbar. 
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The highest rate of rise of voltage experienced by any 
breaker on the group busbars (see Fig. 12) associated with 
the heaviest fault kVA to which it can be subjected, 
arises on clearing a fault on its outgoing feeder B, on an 



Fig. 12.—Reactor bank at Princes Power Station, Nechells: 
influence of group-feeder reactor on inherent rate of rise 
of voltage at two circuit-breaker conditions (A and C). 

Breaker A has its highest rate of rise associated with the heaviest fault-kVA 
condition, namely that which prevails when it clears a fault at B and there are no 
other outgoing feeders on the group busbar. Breaker C has its highest rate of 
rise at a fault kVA considerably below its maximum kVA, when it clears a fault 
at D. 


occasion when there are no other outgoing feeders on 
that particular group busbar at the moment of clearing. 
The group-feeder breaker C, also, will experience a very 
high rate of rise of voltage at a fault kVA considerably 


below its maximum when it operates to clear a fault at D. 
It is accordingly necessary to consider the characteristics 
of the group-feeder reactor from the point of view of 
switches A and C. 

The group-feeder reactor examined at Princes power 
station was of 3-5 % reactance at 1 500 amperes, 11 kV. 
It was an air-cored unit of the cast-in-concrete type, 
connected to its circuit-breaker on the main busbar by 
4 yd. of 3 in x i in. copper bar, micanite-covered, and 
mounted on insulators. The connection to the isolating 
link between the reactor and the group busbar was 7 yd. 
of similar conductor. 

Fig. 13 (Plate 2) shows a topical R.V.I. record taken 
on the group reactor from the main-busbar side. The 
particular record shown is that of the transient between 
one phase and the other two phases earthed. It will be 
seen, by comparison with the lOO-kc./s. timing wave, 
that the oscillatory component has a very high frequency 
indeed (about 240 kc./s.): this, of course, must lead to 
a very high rate of rise of voltage. 

Table 5 shows the result of analysis of all the records 
obtained on this reactor, making it possible to deduce 
values for the effective reactance and capacitance of the 
reactors, whilst Table 6 shows some direct measurements 
of capacitance values. 

Bridge measurements at 1000 c./s. agree with the 
R.V.I. records in assigning a value of between 0-15 and 
0-16 ohm per phase to the reactance of the reactor group. 
(The reactance value deduced from the rated percentage 
voltage-drop at the rated current is 0 • 149 ohm per 
phase.) One may conclude, therefore, that the effective 


Table 5 

Group-Feeder Reactor Bank at Princes power station, Nechells (see Fig. 12). Data on Reactance and 

Capacitance, from R.V.I. Records 


1 

2 

3 

4 

5 

6 

R.V.I. No. 

Connection in which R.V.I. was taken 

Frequency of 
oscillatory com¬ 
ponent (kc./s.) 

Reactance from 
R.V.I. measurements, 
(fi/phase at 50 c./s.) 

Inductance 
corresponding to 
Col. 4 (mH) 

Capacitance per 
phase to give 
frequency of Col. 3 
with inductance of 
Col. 5 (fr/xF) 


From group-feeder switch on main busbar (C, Fig. 12) 


141 

Phase to earth 

226 

O' 16 

0-51 

890 

142 

Phase to phase .... 

234 

0-16 

0-51 

825 

143 

Phase to phase-earth .. 

240 

0-16 

0-51 

748 

144 

Phase to phase-phase 

236 

O' 16 

0-51 

800 

145 

Phase to phase-phase 

240 

0-15 

0-48 

840 

146 

Phase to phase-phase earth . . 

238 

O' 15 

0-48 

835 

147 

Three phases to earth.. 

268 

0-16 

0-51 

576 

148 

Phase to . phase-earth* .. 

164 

0-15 

0-48 

1 880* 


From outgoing feeder-switch isolators 

on group busbars 


155 

Phase to phase 

190 

0-16 

0-51 

1 235 

156 

Phase to earth 

190 

O'17 

0-54 

1 200 


* With 1 000 /x/j.'B added between live phase and earth, to provide cheek at lower frequency. 
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reactance of an air-cored current-limiting reactor under 
transient conditions agrees reasonably well with the 
value given by the rated percentage voltage-drop at 
rated current: this holds at frequencies up to 240 kc./s. 
so far examined. 

On account of the difficulty of physically separating 
parts of the system, it was not possible to make bridge 

Table 6 


Group Busbars, Princes power station, Nechells : 
Bridge Measurements of Capacitance 


- m — 

1 * 

2 

3 

Capacitance in 

Isolator F to 
Isolator G* 

(all other isolators 
on group busbar 
open) 

Isolator F to oil 
circuit-breaker C* 

(a) Phase to phasef 

IJ./JL F per phase 

690 

p.yF per phase 

140 

(6) Phase to earthy 

1 410 

2 290 

(c) 3 phases to earth 

3 890 

6 700 

From (c) per phase to earth 
From (a), (6), (c), direct 

1 300 

2 230 

interphase 

60J 

50$ 


* References are to Fig. 12. 

f Other phase or phases floating. 

X These vaiues are too small, in comparison with the magnitudes from which 
they were determined, for the measurements to be accurate. 

measurements of the actual capacitances deduced from 
R.V.I. measurements, but the latter figures appear 
quite compatible with the results, of bridge measure¬ 
ments set out in Table 6. 

The self-capacitance of air-cored reactors is quite low— 
much lower than that of transformers of similar im¬ 
pedance—and so it is in situations such as that here 
discussed, where an air-cored-reactor group is connected 
to a circuit-breaker by very short lengths of very low- 
capacitance lead, that the highest rates of rise of voltage 
met with in practice will be encountered. 

(d) Neutral-Earthing Reactors 

A neutral-earthing reactor never alone determines a 
transient of restriking voltage in any practical fault 
condition. It does, however, play an important part 
in the determination of the transient at the clearing of a 
phase-earth short-circuit. 

It has been shown by Evans and Monteith 14 that the 
transient of restriking voltage at the clearance of a phase- 
earth fault is obtained by taking separately the transient 
on the interruption of one-third of the total fault current 
regarded as flowing through the positive, negative and 
zero phase-sequence systems respectively. The transient 
at the interruption of the phase-earth fault is then that 
transient of which the ordinate at any given time is the 
sum of the corresponding ordinates of the three separate 
transients. 

The neutral-earthing reactor at Bangor Road had a 
reactance of 7-07 ohms to earth-fault current (i.e. the 
zero phase-sequence impedance per phase was 21-2 


ohms). The zero phase-sequence capacitance of the 
system per phase was, say, 0-026p,F [0-022 /xF for the 
cables, see Table 3, plus (say) 0-004/xF for transformer 
winding capacitance]. These figures give a resonant 
frequency of 3-9 kc./s., which agrees well with the 
observed figures. An R.V.I. record relating to the 
zero phase-sequence system alone appears in Fig. 14 (a), 
Plate 2. The corresponding record relating to the 
interruption of a phase-earth fault is shown in Fig. 
14(/;). It will be clear that ordinates to the curve of Fig. 
14(6) are equal to those of Fig. 14(a) together with two- 
thirds of the corresponding ordinates to the curve of 
Fig. 2(a) (which represents an R.V.I. record for the 
corresponding positive or negative phase-sequence 
system). In such a case the rate of rise of voltage at 
the clearance of the phase-earth fault is almost entirely 
governed by the zero phase-sequence system, the effect 
of the negative and positive phase-sequence systems 
accounting together for only about 7 % of the rate of 
rise indicated by Fig. 14(6). 


(6) INFLUENCE OF THE SUPPLY SYSTEM ON THE 
TRANSIENT OF RESTRIKING VOLTAGE 

The discussion recorded above has mainly related to 
that component of the transient of restriking voltage 
which is due to the plant nearest the fault, e.g. trans¬ 
formers in substations, group-feeder reactors in generat¬ 
ing stations, etc. The supply system behind this plant 
also has a component in the restriking-voltage transient, 
but its effect on the rate of rise of voltage and the first 
peak of restriking voltage is frequently negligible. 

Consider, for instance, a substation fed by a single 
transformer. The complete system determining the 
transient of restriking voltage at the clearance of, say, a 


i. 


(a) Restriking 
voltage here 


T C| 


-W-TO] 

(0 


IF 


-nnnp— ot- 

Li 


JJ- • - -JOT'- - JOT- 

'•-V 


-TOP 


(in) 


Xr—w 

Li 



TOpJ’ 

- JT C ' Li 

Fig. 15.— Simplification of system behind last plant unit: 
method adopted in calculating rates of rise, and first 
peaks, of restriking voltage. 

(a) (i) Transformer at substation, (ii) Cable inductance and capacitance 
referred to substation busbar voltage, (iii) Transformer at generating station 
(iv) Reactance of generating plant on station busbars, (v) Impedance represent¬ 
ing capacitance of station busbars plus effective impedance of all outgoing feeders. 

(b) Cable (ii) and system beyond it represented by resistance equivalent to 
surge impedance of cable. 

(c) Cable (ii) and system beyond it represented by single oscillatory system, 
where Li — 2L and C% = total feeder capacitance referred to busbar voltage. 

phase-phase fault, is shown in Fig. 15(a). If the cable 
(ii) there shown is fairly long then, owing to the finite 
velocity of wave propagation along the cable, some time 
must elapse before the effects of conditions at the far end 
of the cable appear on phenomena applied at the near 
end. Therefore, over a certain period of time the 
transient of restriking voltage may be calculated as 
though the cable, and the part of the system on the 


(c) 
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supply side of it, were replaced by a resistance equal to 
the effective surge impedance of the cable, at the high- 
voltage terminal of the substation transformer, as in 
Fig- 15(6). 

In a particular instance (Sparkbrook transformer 
No. 1) the capacitance to earth per phase of the cable 
between transformer secondary and substation busbars 
was 0-032 pF. The reactance per phase of the sub¬ 
station transformer was 0-46 ohm. The 33-kV cable 
was of the S.L. type, 15 216 yd. long, and of resistance 
0-0974 ohm per mile, star reactance 0-104 ohm per mile, 
and star capacitance 0-28 pF per mile. The nominal 
(phase-phase) surge impedance was thus y/(LfC) — 75 
ohms, and the nominal propagation time 9-6 microsec. 
per 1 000 yd. No data directly relating to the effective 
surge impedance and propagation time of S.L. cable are 
available, but from figures given in a previous E.R.A. 
report 6 dealing with three single-core cables laid in 
trefoil it is fairly safe to assume that in both cases the 
effective value will be about 80 % of the nominal value, 
giving a phase-phase surge impedance of 60 ohms, and a 
propagation time of 7 • 7 microsec. per 1 000 yd. The 
transformer catio is 3:1 (including the star/delta trans¬ 
formation), so that the effective surge impedance of the 
cable referred to busbar voltage is about 6-7 ohms. 
The total propagation time along the cable and back is 
about 230 microsec.; thus over the first 230 microsec. 
or so the transient of restriking voltage is that arising 
from a network like that of Fig. 15(6), with the values 
there given. Provided, as must happen with the vast 
majority of cases, that R' is small compared with L/C, 
the transient of restriking voltage per kilo-ampere is 
substantially that for Fig. 15(6) with R — 0, together 
with a term 0 * 445JF2<C X 10 6 volts (0-445 X 10 6 = 1 414 
X 314). The transient with R — 0 is that discussed 
in the previous Section (i.e. the transient due to the 
transformer regarded as short-circuited at its high- 
voltage terminals). Fig. 16 (Plate 2) shows the transient 
arising on such a system as that of Fig. 15 (6). The 
line OC represents that component of the voltage tran¬ 
sient which is due to the surge impedance of cables 
on the high-voltage side of the transformer. The effect 
of this component on the front of the transient is neglig¬ 
ible: the overall rate of rise of voltage is 115 volts per 
microsec. whilst that due to the presence of the cables 
is only about 3 volts per microsec. Here, then, the im¬ 
pedance due to the transformers alone quite adequately 
represents the total rate of rise of restriking voltage 
at the substation. 

Similar arguments apply when the cable is not suffi¬ 
ciently long for its propagation time to be of any impor¬ 
tance (i.e. when the voltage drop along it under power- 
frequency conditions is quite negligible compared with 
that in the transformer at either end). Here the con¬ 
ditions shown in Fig. 15(6) can no longer be said to hold, 
and instead the system can be represented by Fig. 15(c), 
where L and G are as before but G x is the capacitance of 
the 33-kV cables referred to 11 kV, and L x is the induc¬ 
tance of the transformer at the generating station. Here 
the transient of restriking voltage is of the form 

e = K[L( 1 — cos a>t) -j- L x { 1 — cos cu^)] 
where to 2 = LG and co\ — L X (G -j- C x ). L ± will usually 


equal L, and cof/oi 2 = G[(C -|- C'p. G x will usually be 
very large compared with C, and so to will be very much 
greater than o^. Whilst the term in to is attaining its. 
peak value (i.e. over the time tot — tt) the term in 
will only have attained a value 

£,(l_ cos I^l) 

Writing to — lOoq (probably a minimum value for the- 
type of system we are considering), we find that the 
value of the term in to x when that in to is at its peak is 

£ i( 1_cos S)7 00 “i 

Thus the term in to x cannot increase the rate of rise 
of restriking voltage by more than about 1 • 5 %: this 
percentage will decrease with tojto, i.e. as the physical 
length of the cables between the transformers increases. 
An example of a transient of this type appears in Fig. 17 
(Plate 2). The higher-frequency component of the 
transient is that due to the substation transformer : the 
lower-frequency component is that due to the trans¬ 
former at the generating station end, oscillating with 
the capacitance of the feeders. The rate of rise of volt¬ 
age is substantially unaffected by the lower-frequency 
component. 

The same arguments as are used above can be applied 
to show that the effect of impedance units numbered 
(iv) and (v) in Fig. 15(a) are quite negligible so far as the 
rate of rise of voltage, and first peak of restriking voltage, 
are concerned: they do, however, enter in some degree 
into the determination ‘of the ultimate peak restriking 
voltage, with which the present investigation does not 
purport to deal. 

In general, it may be said that when the transient of 
restriking voltage has oscillatory components of two or 
more frequencies, and the highest frequency is more 
than 5 times the next frequency, and is of more or less 
equal amplitude, it is fairly safe to estimate rates of rise 
of voltage as if the plant giving rise to the highest- 
frequency term only were present; since the error due to 
neglecting lower-frequency terms will probably be more 
than outweighed by errors due to neglecting damping. 

(7) TRANSIENTS OF RESTRIKING VOLTAGE AT 

POINTS INVESTIGATED 

(a) Transformer-Fed Substations 
(1) Rates of rise per kilo-ampere fault current. 

It has been shown above that, in many cases it is 
possible to estimate the rate of rise of restriking voltage, 
and the first peak of restriking voltage, with sufficient 
accuracy by considering only the transient across the 
last plant unit in the supply network; and a Table^ 
(Table 1) has been presented ,by means of which can be 
obtained the rate of rise and first peak of restriking 
voltage per kilo-ampere fault current, under different 
fault conditions, neglecting losses in the oscillatory 
system. Comparison may now be made between the 
rates of rise, etc., obtained by the use of such a Table 
with reference to transformer-fed substations, and the 
values obtained by the use of the R.V.I., which of course 
takes account of the losses. 
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Table 7 shows figures resulting from the application 
of Table 1 to a single transformer substation, and the 
comparable figures obtained from R.V.I. records. Here 
Cols. I, 2, and 3 correspond to Cols. 1, 2, and 3 of Table 1. 
Cols. 4 and 5 show the rates of rise of voltage and first 
peak of restriking voltage per kilo-ampere, calculated 
from system constants and neglecting losses but with the 
inductance value adjusted as shown necessary in Section 
(5). Col. 6 refers to the appropriate R.V.I. record, and 
Cols. 7 and 8 show the rates of rise of voltage and peak 
restriking voltage per kilo-ampere measured from R.V.I. 


temporary leads (of negligible capacitance compared 
with that of the cable between A and the transformers). 
The figures thus relate to conditions which would exist 
for breakers on the substation 11-kV bars if the latter 
were connected to Switch A by negligibly short lengths 
of cable. There was, in fact, quite a considerable 
length between A and the busbar, so that the rates of 
rise of voltage on the busbar will be somewhat lower 
than Table 7 indicates. 

The figures given in the lower part of Table 7 are 
directly applicable to Switch A (Fig. 9). 


Table 7 


12 000-kVA 33/11-kV Transformer at Bangor Road (Fig. 9)*: Comparison of R.V.I. Measurements of Rates 
of Rise, and First Peak, of Restriking Voltage per Ivilo-ampere Fault Current, with Values Deduced 
from Appropriate System Parameters and Table 1, Cols. 11-14 


1 and 2 

3 

4 

5 

6 

7 

8 

9 

Item and type of faultf 

Stage in clearance! 

From Table 1 and system 
parameters! 

R.V.I. 

From R.V.I. measurements 

Per pole (1) 

Rate of rise 
(V/microsec./kA) 

1 st peak 
(V/kA) 

record No. 

Rate of rise 
(V/microsec./kA) 

r 

1 st peak 
(V/kA) 

or per 

2 poles ( 2 ) 


(a) Neutral earth on supply side 


(i) 3-phase-earth 

Phase to phase-phase- 
earth 

109 

2 680 

119 

105 

1 960 

(ii) 2-phase-earth 

Phase to phase-earth 

113 

3 030 

121 

108 

2 600 

(iii) Phase-earth 

Phase to earth 

176 

21 800 

122 

160 

17 700 

(iv) 3-phase 

Phase to phase-phase 

134 

2 680 

120 

127 

1 960 

(v) Phase-phase 

Phase to phase 

176 

3 560 

122 

152 

L \J \J 

3 180 


(1) 

( 1 ) 

( 1 ) 

( 2 ) 
( 2 ) 


(b) Neutral earth on side remote from supply 
(vi) 3-phase-earth 


(vii) 2-phase-earth 
(viii) Phase-earth 

(ix) 3-phase 

(x) Phase-phase 


Phase to phase-phase- 
earth 

Unearthed 1 phase 
One unearthed phase 
Phase to phase-phase 
Phase to phase 


109 


2 680 


111 


} Largely determined by load conditions 

J Iti 


110 


2 440 


134 

268 


2 680 
3 670 


§ 


130 

173 


f °l ri ! 8 - °l volta S e at Bangor Road, see Table 10. 

J neglects losses, but inductance values are adjusted (see Table 3 ) 

Col sir and values ia CoIs ' 7 arld 8 dadaced other appropriate records. 


2 500 

3 340 


( 1 ) 

( 1 ) 

(1) 

( 1 ) 

( 2 ) 


t See Fig. 8 . 

Cols. 4 and 5 obtained by use of Table 1 ; 


records.. Col. 9 states whether the restriking voltage 
in question appears across one or two poles of the circuit- 
breaker. 


It will be seen that in general the agreement betwe; 
Cols. 4 and 7 and 5 and 8 is quite good, bearing in mil 
that the values given in the " R.V.I." columns should 1 
lower than m those showing calculated figures by reasc 
of the neglect of the losses in the latter. The excessive] 
low values in Col. 8 for the 3-phase and 3-phase-eari 
cases as compared with Col. 5 are probably due to tl 
beating " referred to in Section 5(a), the source < 
which has not yet been properly investigated. 

The upper set of figures in Table 7 actually refer t 
Switch A of Fig. 9, with the neutral-earthing reactc 
connected to the transformer side of the switch by shoi 


For a substation fed by two or more transformers in 
parallel (e.g. Sparkbrook, Fig. 10, which has two in 
parallel), conditions are slightly different. Here, the 
switches C, D, between the transformers and the busbars 
are the only ones which can be called upon to clear with 
the earth connection on the fault side of the circuit- 
breaker. These switches can only be called upon to 
handle, m this connection, the fault current supplied by 
either one transformer (when the breaker is clearing the 
transformers from a busbar fault) or (assuming a station 
similar to that represented in Fig. 10 but with more than 
two. similar feeders) all the other transformers in the 
station (when the breaker is clearing the busbars from a 
fault on the cable between switch and transformer) 
In the latter event the chances that the switch in question 
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Table 8 

One IB 000-kVA 33/11-kV Transformer at Sparkbrook* (Fig. 10, No. 1): Comparison of R.V.I. Measurements 
of Rates of Rise, and First Peak, of Restriking Voltage per Kilo-ampere Fault Current, with 
Values Deduced from Appropriate System Parameters and Table 1, Cols. 11-14 


1 and 2 

3 

_ft_ 

4 

5 

6 

7 

8 

9 

Item and type of faultf 

Stage in clearance^ 

From Table 1 and system 
parameters j; 

R.V.I. 

From R.V.I. measurements 

Per, pole (1) 
or per 

2 poles (2) 

Rate of rise 
(V/mierosec./kA) 

1st peak 
(V/kA) 

record No. 

1 

Rate of rise 
(V/mbrosec./kA) 

*_; 

1st peak 
V/kA 


(a) Neutral earth on supply side 


(i) 3-phase-earth 

Phase to phase-phase- 

70 

1 950 

132 

66 

1 790 | 

(1) 


earth 







(ii) 2-phase-earth 

Phase to phase-earth 

72 

2 200 

130 

77 

2 000 

(1) 

(iii) Phase-earth 

Phase to earth 

75 

7 540 

128 

66 

4 900 

(1) 

(iv) 3-phase 

Phase to phase-phase 

85 

1 950 

131 

87 

1 900 

(1) 

(v) Phase-phase 

Phase to phase 

114 

2 600 

129 

115 

2 480 

(2) 

• 

(b) Neutral earth on side remote from supply 







(vi) 3-phase-earth 

Phase to phase-phase- 

84 

1 950 

125 

91 

1 850 

(1) 


earth 







(vii) 2-phase-earth 

Unearthed phase 

]■ Lar 

gely detei 

.'mined by 

load conditi< 

MS 

; (i) 

(viii) Phase-earth 

One unearthed phase 

J 

1 




L (1) 

(ix) 3-phase 

Phase to phase-phase 

84 

1 950 

§ 

— 

— 

(1) 

(x) Phase-phase 

Phase to phase 

114 

2 600 

§ 



(2) 


* For inherent rates of rise of voltage at Sparkbrook, see Tables 11 and 12. t See Fig. 8. 

f This neglects loss, but inductance values are adjusted as in Table 3. § No R.V.I. records obtained in these connections. 


Table 9 

Two 18 000 -kVA 33/11-kV Transformers (Sparkbrook Nos. 1 and 2 )* in Parallel on One Busbar (see Fig. 10): 
Comparison of R.V.I. Measurements of Rates of Rise, and First Peak, of Restriicing Voltage per 
Kilo-ampere Fault Current, with Values Deduced from Appropriate System Parameters and 
Table 1, Cols. 11-14 


1 and 3 

3 

4 

5 

6 

7 

3 

9 

Item and type of faultf 

Stage in clearancef 

From Table 1 and system 
parameters!: 

R.V.I. 

From R.V.I. measurements 

Per pole (1) 
or per 

2 poles (2) 

Rate of rise 
(V/microsec./kA) 

. 1 

■ |«JJ 

record No. 

Rate of rise 
(V/microsec./kA) 

1st peak 
(V/kA) 


Neutral earth on supply side 


(i) 3-phase-earth 

Phase to phase-phase 
earth 

38 

970 

139 

36 

870 

(1) 

# 

(ii) 2-phase-earth 

Phase to phase-earth 

39 

1 100 

137 

36 

900 

(I) 

(iii) Phase-earth 

Phase to earth 

119 

6 900 

135 

90 

4 900. 

(1) 

(iv) 3-phase 

Phase to phase-phase 

47 

970 

138 

45 

870 

(1) 

(v) Phase-phase 

Phase to phase 

63 

1 300 

136 

60 

1 140 

(2) 


The condition of a neutral earth on the side remote from the fault cannot arise. 


* For inherent rates of rise at Sparkbrook, see Tables 11 and 13. t See Fig. 8. t This neglects loss, but inductance values are adjusted as in Table 3. 
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will be called upon to clear after the feed into the fault 
from its transformer side has been cleared by the generat- 
ing-station breaker are very remote, as the generating- 
station breakers are usually set with longer time-lag. 
Unless this happened the breaker would be operating 
under reduced effective recovery operating voltage; so 
that we need not consider in this connection the con¬ 
dition analogous to that dealt with in the lower part of 
Table 7. 

Table 8(a) shows the rates of rise of voltage per kilo- 
ampere which exist for any of the outgoing feeder 
switches on the 11-kV busbar clearing a fault just at the 
feeder side of the switch, when the supply to the busbar 
was maintained by Feedfer A and Transformer No. 1 
only (see Fig. 10). These rates of rise will only appear 
when there are no other outgoing feeders on the busbar. 


these figures by the appropriate fault current in kilo- 
amperes to obtain the inherent rates of rise under fault 
conditions. These figures are given, for the Bangor 
Road substation, in Table 10, the fault currents being 
calculated for the supply condition giving the heaviest 
fault kVA at the substation. In this Table the figures 
under (6) apply to Switch A, Fig. 9, opening on a busbar 
fault. Any other breaker on the substation busbars, 
opening a fault on its outgoing feeder, will have to deal 
with rates of rise of voltage rather lower than those 
given under (a). 

Similar figures for the Sparkbrook substation, supplied 
through one transformer only, appear in Table 11. Here 
the figures under (a) apply for any breaker to an out¬ 
going feeder from the substation busbars, opening a 
fault on its outgoing feeder, when No. 1 transformer only 


Table 10 


Substation at Bangor Road (Fig. 9): Inherent Rates of Rise, and First Peaks, of Restriking Voltage 


1 and 2 

3 

4 

S 

6 

7 

Item and type of fault* 

Stage in clearance* 

Fault current 
cleared (IcA) 

Rate of rise of 
restriking voltage 
{vol ts/microsec.) f 

First peak of 
restriking voltage 

(V)t 

# ' ' 

Per pole (I) or per 
two poles (2) 

(a) Earth on supply side 

(i) 3-phase-earth 

Phase to phase-phase-earth 

3-840 

403 

7 52Of 

U) 

(ii) 2-phase-earth 

Phase to phase-earth 

3-24§ 

350 

8 650 

(1) 

(iii) Phase-earth 

Phase to earth 

0-66 

105 

11 600 

(1) 

(iv) 3-phase 

Phase to phase-phase 

3-840 

488 

7 52Of 

(1) 

(v) Phase-phase 

Phase to phase 

3-320 

505 

10 650 

(2) 


(&) Earth on side remote from supply 


(vi) 3-phase-earth 

(vii) 2-phase-earth 
(viii) Phase-earth 

(ix) 3-phase 

(x) Phase-phase 


Phase to phase-phase-earth 
Unearthed phase 
One unearthed phase 
Phase to phase-phase 
Phase to phase 



3-84 

423 

9 360 

(1) 

Depen 

ds on load cone 

.itions 

(1) 

(1) 

3-84 

500 

9 590 

• (1) 

3-32 

575 

11 100 

(2) 


* See F 'S- 8. , .. ,. t From R.V.I. records and calculated fault currents. 

t Inese values are probably rather low, because of the " beating ” mentioned m Section (3): the cause of this has not yet been explained. 

§ Smaller of two currents. 


Table 8(6) shows the rate of rise across the first phase to 
clear of a 3-phase-earth fault when Breaker C operates 
to clear a busbar fault in the same conditions. These 
again are unaffected by the condition of any other switch- 
gear in the substation. 

The switchgear on the 11-kV substation busbars can 
be called upon to clear faults fed by two feeders and 
transformers in parallel, but only with the neutral earth 
connection on the supply side of the switch. The 
relevant figures for rate of rise of voltage per kilo-ampere 
and peak restriking voltage appear in Table 9. 

(ii) Inherent rates of rise of voltage. 

Figures having been obtained for the rates of rise of 
voltage, and first peak of restriking voltage, per kilo- 
ampere fault current, it is only necessary to multiply 


is supplying the busbar. If No. 2 transformer only was 
supplying the fault the rates of rise would be very 
slightly lower. The values under (6) apply for Breaker 
C (Fig. 10) opening on a busbar fault, when Breaker D 
is already open. Rates of rise of voltage are in general 
rather higher under the latter circumstances than under 
the former, by reason of the fact that in the one case the 
busbar capacitance is effectively in parallel with the 
transformers, whilst in the other it is short-circuited. 
Here again, rates of rise with No. 2 transformer supply¬ 
ing the busbars will be very slightly lower. 

Corresponding figures for any breaker to an outgoing 
feeder from the substation busbars, when the supply to 
the busbars is maintained through two transformers, 
appear in Table 12. „The rates of rise of voltage are 
here intermediate between those in the two sets in 
Tables 10 and 11, for obvious reasons. 
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(b) Generating-Station Main Busbars 

(i) Rates of rise per kilo-ampere fault current. 

Any one breaker on the main busbars (see Nechells, 
Fig. 1) operates at its maximum kVA when clearing a 


obtained by the use of Table 1 and by R.V.I. records, 
for a single generator with its neutral point solidly 
earthed. It is only in very unusual circumstances that 
breakers on the main busbars could be called upon to 
clear a fault with the neutral earth on the fault side of 


Table'll 

Substation at Sparkbrook (Fig. 10): Inherent Rates of Rise, and First Peaks, of Restriking Voltage 
(Breaker between No. 1 Transformer and Busbars Clearing Fault on Busbars) 


1 and 2 

3 

4 

5 

6 

7 

Item and type of fault* 

Stage in clearance* 

Fault current 
cleared (kA) 

Rate of rise of 1 
restriking vt Itage 
(volts per microsec.)t 

« 

Fii*t peak of 
restriking voltage 
(V)t 

Per pole (1) or 
per two poles (2) 

(a) Neutral earth on supp 
(i) 3-phase-earth 

ly side 

Phase to phase-phase-earth 

4-4 

290 

7 890 ; 

(1) 

(ii) 2-phase-earth 

Phase to phase-earth 

3-45J 

268 

6 900 j 

(1) 

(iii) Phase-earth 

Phase to earth 

1-15 

76 

5 650 

(1) 

(iv) 3-phase 

Phase to phase-phase 

4-4 

382 

8 390 

(1) 

(v) Phase-phase 

Phase to phase 

3-81 

439 

9 450 

(2) 


(6) Neutral earth on side remote from supply 


(vi) 3 phase-earth 

(vii) 2 phase-earth 
(viii) Phase-earth 

(ix) 3 phase 

(x) Phase-phase 


Phase to phase-phase-earth 
Unearthed phase 
One unearthed phase 
Phase to phase-phase 
Phase to phase 


1 } 


4-4 


400 


8 150 


I I 

Largely depends on load conditions 

4.4 462 8 400 

3-81 536 9 500 


{ 


( 1 ) 

( 1 ) 

(1) 

(1) 

( 2 ) 


* See Fig. 8. 


t From R.V.I. records and calculated fault currents. 


% Smaller of two currents. 


fault near the circuit-breaker on its outgoing feeder 
supplied by all the generators in parallel. It is thus, 
the generators, with their cables up to the busbars, 


the switch, and so it is not necessary to refer to this 
condition. 

In Table 13, the reactance {coL) values in Col. 4 are 


Table 12 


Substation at Sparkbrook (Fig. 10): Inherent Rates of Rise, and First Peaks, of Restriking Voltage 
(Breaker on Outgoing Feeder Clearing Fault on Feeder, Supply to Busbars through Nos. 1 and 2 


Transformers) 


f 

1 and 2 

3 

4 

5 

6 

7 

Item and type of fault* 

Stage in clearance* 

Fault current 
cleared (IcA) 

Rate of rise of 
restrilcing voltage 
(volts per microsec.) t 

First peak of 
restriking voltage 

(V)f 

Per pole (1) or per 
two poles (2) 


Neutral earth on supply side 


(i) 3-phase-earth 

(ii) 2-phase-earth 

(iii) Phase-earth 

(iv) 3-phase 

(v) Phase-phase 


Phase to phase-phase-earth 

8-53 

309 

7 420 

Phase to phase-earth 

7-34J 

263 

6 600 

Phase to earth 

1*27 

114 

6 220 

Phase to phase-phase 

8-53 

374 

7 420 

Phase to phase 

7-37 

444 

10 200 


The condition of a neutral earth on the side nearer to the fault cannot arise 


( 1 ) 

(1) 

( 1 ) 

( 1 ) 

( 2 ) 


* See Fig. 8. 

which determine the highest rate of rise of voltage en¬ 
countered by these breakers working at their maximum 
kVA. 

Table 13 shows the relation between rates of rise, etc., 


t Smaller of two currents. 

deduced as described in Section 5(b) above, from the 
R.V.I. records by the method of symmetrical compo¬ 
nents. The frequency figures in Col. 5 are those given 
by the reactance value of Col. 4 taken with the capaci- 


t From R.V.I. records and calculated fault currents. 
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tance deduced from the R.V.I. records in the phase-to- The above figures show very low rates of rise of voltage, 
phase and phase to phase-phase cases: it is probable that Certain circuit-breakers on the main busbars, however, 
this is not completely justified, as there are one or two must handle very high rates of rise of voltage under 

Table 13 

11-kV Alternator, 23 425 icVA, 15-5% Reactance, 1 500 r.p.m., with 173§-yd. Run of Cable (Princes 
power station)* : Comparison of R.V.I. Measurements of Rates of Rise, and First Peaks, of Restriking 
Voltage per Kilo-ampere Fault Current, with Values Deduced from Appropriate System Parameters 
and Table 1, Cols. 11-14 


1 and 2 

3 

4 

5 

6 

7 

8 

9 

10 

I tem and type of 
faultf 

o 

c 

Stage in clearance! 

Effective 
mL value 
(ohms)t 

1 /(kc./s.) 

From Table 1 and system 
parametersg 

R.V.I. 
record No. 

From R.V.I. records 

Rate of rise 
of voltage 
(V/microsec./kA) 

Peak of 
restriking 
voltage 
(V/kA) 

Rate of rise 
of voltage 
(V/microsec./kA) 

Peak 

voltage 

(V/kA) 


Neutral earth on supply side 


(i) 3-phase-earth 

Phase to phase-phase- 
earth 

0-44 

7-3 

20-6 

1 240 

170 

15-4 

1 130 

(ii) 2-phase-earth 

Phase to phase-earth 

0-49 

6-9 

21-7 

1 390 

Nc 

i record take 

n 

(iii) Phase-earth 

Phase to earth 

0-52 

6-7 

22-0 

1 470 

170 

17-1 

1 200 

(iv) 3-phase 

Phase to phase-phase 

0-97 

6-0 

33-5 

2 750 

169 

28-6 

2 450 

(v) 3-phase 

Phase to phase 

1-30 

6-0 

45-0 

3 680 

169 

32-7 

3 240 


* For inherent rates of rise on busbars fed by alternators, see Table 15 f See Fig. 8. % Soo Table 4. 

§ These figures neglect losses, but inductance and capacitance values are adjusted (see Table 4). 


points in connection with the capacitances of the genera- certain fault conditions. A breaker, for instance, to a 
tors which have still to be cleared up; but the error due group busbar, opening on a fault on this busbar (see 
to this cause will probably be quite small. Flere again Fig. 12), meets a very high-frequency component of 


Table 14 

Group-Feeder Reactor from Main-Busbar Side at Princes power station, Nechells (see Fig. 12)*: Com¬ 
parison of R.V.I. Measurements of Rates of Rise, and First Peaks, of Restriking Voltage per Kilo- 
ampere Fault Current, with Values Deduced from Appropriate System Parameters and Table ] 
Cols. 11-14 


1 and 2 

0 

4 

5 

6 

7 

8 

9 

Item and type of faultf 

Stage in clearancef 

From Table 1 and system 
parameters 

____ 

R.V.I. 

From R.V.I. measurements 

Per pole (1) 

Rate of rise 
(V/microsec./kA) 

First peak 
(V/kA) 

record No. 

Rate of rise 
(V/microsec./kA) 

First peak 
(V/kA) 

or per 

2 poles (2) 

Earth on supply side (•neutral earth resistor), reactors 

on fault side, of switch 




(i) 3-phase-earth 

(ii) 2-phase-earth 

(iii) Phase-earth 
sssr (iyl 3-phase 

(vj Phase-phase 

Phase to phase-phase-earth 
Phase to phase-earth 

Phase to earth 

Phase to phase-phase 

Phase to phase 

232 

232 

232 

348§ 

464 

425 

425 

425 

638§ 

850 

* 146 

143 

141 

144§ 

142 

196 

193 
• 188 

321 § 

358 

420 

t 

t 

611 § 

t 

(i) 

(i) 

(i) 

(1) 

(2) 


* Condition represented is that of Circuit-breaker C clearing fault beyond H. 

| Record, unreliable: R.V.I. reads peaks low on range used for these records at frequencies above 150 kc /s 
§ In practice these figures will probably come down towards those in Row 1. , 


t See Fig. 8. 


the R.V.I. records are in reasonably good agreement 
with the calculated figures, bearing in mind that the 
latter neglect losses and consequent damping. 


restriking voltage, arising from the decay of voltage 
across the. reactor. Table 14 shows for this case figures 
of rate of rise of voltage and first-peak restriking voltage 
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obtained by the use of Table 1 and by the R.V.I. re¬ 
spectively, as before: here again the agreement is xeason- 
able. These rates of rise of voltage are considerably 
higher than those met with at the heavier fault kVA. 

,(ii) Inherent rates of rise of voltage. 

It was obviously not possible to take R.V.I. records 
in the conditions when there was enough plant on the 


on the busbars approximately equal to that existing 
in practice under full-load conditions (925 000 kVA), of 
which, however, part is supplied from alternators and 
part from the transformers from two grid feeders. The 
latter would probably give lower rates of rise of voltage 
per kilo-ampere than the alternators, so that the cal¬ 
culated figures are probably slightly higher than exist in 
practice. 


Table 15 


Main Busbars (Princes power station, Nechells)* : Inherent Rates of Rise, and First Peaks, of Restriking 
Voltage (Busbars Assumed fed by 8 Alternators similar to that Treated in Table 13) 


1 and 2 

3 

4 

5 

_ » __ 

6 

7 

Item and type of fault! 

Stage in clearance! 

Fault current 
cleared (kA) 

Rate of rise of 
restriking voltage 
(V/microsec.)j 

First peak of 
restriking voltage 

(V)t 

Per pole (1) or per 
two poles (2) 

(i) 3-phase-eaxth 

Phase to phase-phase earth 

62-8 

229 

18 700 

(1) 

(ii) 2-phase-earth 

Phase to phase-earth 

54 

284§ 

25 40Q§ 

U) 

(iii) Phase-earth 

Phase to earth 

0-95 

10-12 

1 000-1 200 

(!) 

(iv) 3-phase 

Phase to phase-phase 

02-8 

203 

19 300 

w 

(v) Phase-phase 

Phase to phase 

54-5 

307 

27 250 

( 2 ) 


* See Fig. 12. Switch C clearing fault on connection to reactor. t &cc 8 * 

t From measurements on R.V.I. records, adjusted for currents [except Row (n)J. . , ,,. 0 / 

§ From R.V.I. record taken on dummy circuit as iu Fig. 22(iv). Dummy circuit was undamped, and these figures are probably at least 10 % too high. 


busbars to give the maximum kVA to which the breakers 
were subject, so that to give figures for rates of rise of 
voltage under these conditions, from data available for 
one generator only, it is necessary to make some assump¬ 
tions. If it be assumed that under peak-load conditions 


The calculated figures referred to above are given in 
Table 15. Here, the figures for the unearthed faults 
[Rows (iv) and (v)] are obtained by direct extension 
from Table 13 (since eight similar alternators in parallel 
give the same inherent rate of rise of voltage per lcilo- 


Table 16 


Breaker on Main Busbar (Princes power station, ISTechells) Clearing Fault on Group Busbar*. Inherent 

Rates of Rise, and First Peaks, of Restriking Voltage 


land 2 

3 

4 

5 

6 

7 

Item and type of fault! 

Stage in clearance! 

Fault current 
cleared (ItA) 

Rate of rise of 
restriking voltage 
(V/microseo.)t 

First peak of 
restriking voltage 

(V)t 

Per pole (1) or per 
two poles (2) 

(i) 3-phase-earth 

Phase to phase-phase-earth 

22-8 

4 460 

9 580 

U) 

(ii) 2-phase-earth 

Phase to phase-earth 

19-0 

3 660 

8 000 

(1) 

(iii) Phase-earth 

Phase to earth 

0-95 

180 

400 

(1) 

(iv) 3-phase 

Phase to phase-phase 

22-8 

7 320 

13 900 

C 1 ) 

(v) Phase-phase 

Phase to phase 

19-7 

' 

7 050 

16 050 

( 2 ) 


* See Fig. 12. Switch C clearing fault at or beyond I-I on group-busbar side of reactor. t See Fig. 8. t Measured by R.V.I. and adjusted for current. 


eight alternators similar to No. 6 (on which the records 
were taken) are running on the busbars, that each of 
these is connected to the busbars by the same length of 
similar cable, and that the neutral earth resistance is 
connected to the star point of one generator, it is possible 
to obtain figures which represent running conditions 
fairly well. 

The eight alternators in parallel will give a fault kVA 


ampere, and first-peak voltage per kilo-ampere, as a 
single generator). 

The 3-phase-earth and phase-earth cases were cal¬ 
culated, neglecting losses, on the basis of the phase- 
sequence impedance systems as set out in Appendix II; 
the 2-phase-earth case was obtained by an R.V.I. record 
taken on a dummy network set up to represent the 
appropriate phase-sequence impedance network [that 
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of Fig. 21 (iv)], on which calculation is rather difficult. 
Thus in Table 16 the figures of Rows (i) to (iii) take no 
account of losses, whilst those of Rows (iv) to (v) do so. 
The rates of rise of voltage are all quite low. 


(c) Generating-Station Group Busbars 

Table 17 shows rates of rise of voltage and first peaks 
calculated from Table 6 and from the two R.V.I. records 
taken, for the case of a circuit-breaker on a group busbar 


Tablg 17 

Breakers on Group Busbar at Princes power station, Nechells (see Fig. 12)*: Comparison of R.V.I. 
Measurements of Rates of Rise, and First Peaks, of Restriking Voltage per Kilo-ampere Fault 
Current, with Values Deduced from Appropriate System Parameters, and Table 1, Cols. 11-14 


1 and 2 

3 

_ SSL _ 

4 

5 

6 

7 

8 

9 

Item and type of fault! 

• 

Stage in clearance! 

From Table 1 and system 
parameters 

R.V.I. 
record No. 

From R.V.I. measurements 

Per pole (1) 
or per 

2 poles (2) 

Rate of rise 
(V/microsec./kA) 

; First peak 
(V/kA) 

Rate of rise 
(V/microsec./kA) 

First peak 
(V/kA) 


Neutral earth on supply side 


(i) 3-phase-earth 

Phase to phase-phase earth 

184 

426 


9 600* 

(1) 

(ii) 2-phase-earth 

Phase to phase-earth 

' 184 

425 



8 300* 

„ (!) 

(iii) Phase-earth 

Phase to earth 

184 

426 

166 

190 

400 

(1) 

(iv) 3-phase 

Phase to phase-phase 

276 

640 

None taken 

13 900* 

(1) 

(v) Phase-phase 

Phase to phase 

368 

850 

155 

357 

16 000 

(2) 


* Breaker A clearing fault at B. For inherent rates of rise, etc., on group busbars, see Table 18. t See Fig. 8. 

t These figures are estimated from analogy with the R.V.I. records dealt with in Table 14. 


Table 16 shows similar figures for a breaker on the 
main busbars clearing a fault just beyond a group-feeder 
reactor. These figures are obtained directly from R.V.I. 
records, and values of fault currents calculated from the 
actual kVA available in the Princes power station bus¬ 
bars during peak-load conditions. The low rate of rise 


opening to clear a fault on an outgoing feeder. Here 
again the rates of rise per kilo-ampere are quite high. 
Table 18 shows the total rates of rise of voltage for the 
same circuit-breaker clearing a fault on its outgoing 
feeder. The rates of rise of voltage are again very high 
and may be taken almost as representing an upper limit 


Table 18 

Breakers on Group Busbars at Princes power station^ Nechells (see Fig. 12)*: Inherent Rates of Rise, 

and First Peaks, of Restriking Voltage 


1 and 2 

3 

4 

5 

6 

7 

Item and type of fault! 

Stage in clearance! 

Fault current 
cleared (kA) 

Rate of rise of 
restriking voltage 
(V/microsec.)! 

First peak of 
restriking voltage 

(V)t 

Per pole (1) or per 
two poles (2) 

(i) 3-phase-earth 

Phase to phase-phase-earth 

22-8 

3 560 

mm 

(1) 

(ii) 2-*phase-earth 

Phase to phase-earth 

19-0 

3 020 

mmmM 

(1) 

(iii) Phase-earth 

Phase to earth 

0-95 

180 

— 

(1) 

(iv) 3-phase 

Phase to phase-phase 

22-8 

7 300 


(1) 

(v) Phase-phase 

/25 s " fv 

Phase to phase 

19-7 

7 040 

Ba£fl 

(2) 


* Breaker A clearing fault at B. t See Fig. 8. % Measured from R.V.I. records and adjusted for current. 


in the phase-earth case corresponds to the fact that, 
owing to the limitation of the current by the earthing 
resistor, a phase-earth fault is one of high power factor. 
Otherwise, the rates of rise of voltage are very high 
indeed: certainly one would not expect to encounter 
higher rates on an 11-kV system. 


for British practice. Though the figures are high, they 
are not unexpected: Flurscheim, 3 for instance, predicted 
rates of rise up to 4 000 volts per microsec. on such a 
system as is here considered; and Hameister 16 gives the 
Same figure as an upper limit for rates of rise on any 
system, irrespective of its voltage. 
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(8) BROAD CLASSIFICATION OF TYPES OF RE- 
STRIKING-VOLTAGE TRANSIENT 
If a number of circuit-breaker locations each yield the 
same inherent rate of rise of voltage, they may yet for 
convenience be divided into two separate classes. In 
one class, (a), the peak voltage reached at approximately 
the given rate is about 150 % to 200 % of the power- 
frequency peak voltage; whilst in the other class, (&), the 
peak value reached at the given rate is approximately 
equal to the power-frequency peak voltage. 

Class (a) in general covers types of location where the 
fault lcVA on the supply side of the last plant unit before 
the circuit-breaker location in question is more than, 
say, 3 or 4 times the fault kVA at the circuit-breaker 
concerned. This will cover most of the breakers on 
generating-station busbars, and on auxiliary busbars fed 
by single step-up or step-down transformers or through 
reactor banks giving a large reduction in kVA. 

Class ( b ) includes all switchgear in substations fed by 
step-up and step-down transformers with an inter¬ 
mediate high-voltage line or cable, and all circuit- 
breakers on busbars fed from main, busbars through 
group-feeder reactors. 

(9) CONCLUSIONS 

The outstanding conclusions reached in the present 
report are summarized below. 

(a) The rates of rise of voltage encountered at the 
points investigated on the City of Birmingham 11-kV 
system range from 10 volts per microsec. to 7 500 volts 
per microsec., or, excluding phase-tsarth fault conditions 
(in which, in general, rates of rise are low by reason of 
the low phase-angle of the fault), from 230 volts per 
microsec. to 7 500 volts per microsec. The lowest rate 
(230 volts per microsec.) was associated with circuit- 
breakers on the generating-station main busbars clearing 
their full fault lcVA, and the highest (7 500 volts per 
microsec.) with circuit-breakers on the generating- 
station group busbars clearing their full fault kVA, also 
with circuit-breakers on the main bars controlling group- 
feeder reactors, operating at about half their maximum 
kVA to clear faults on the group busbar. 

(i b ) On circuit-breakers on 11-kV substation bars fed 
by step-down transformers from 33-kV transmission 
cables, a rate of rise of voltage of the order of 500 volts 
per microsec. appears to be typical (see Tables 10, 11 
and 12). For indoor substations of normal layout it is 
not likely that rates of rise of voltage greater than about 
1 000 volts per microsec. will be experienced. This 
figure might almost be taken as an upper limit for all 
locations on an 11-kV system with the exception of 
locations involving voltage-drops in air-cored reactors 
connected to switchgear by bare conductors mounted 
on insulators. 

(c) Circuit-breaker locations yielding the same in¬ 
herent rate of rise of voltage may broadly be divided into 
two main classes, depending on the ratio of the first 
peak of the fastest restriking-vbltage transient there 
occurring, to the power-frequency peak voltage. Where 
the fault kVA, on the supply side of the last plant unit 
before the switch considered, is high compared with the 
fault kVA at the switch concerned, the first peak of re¬ 


striking voltage arising under the worst fault conditions 
will be of the order of 1 • 5 to 2 times the power-frequency 
peak voltage. This applies, for example, to circuit- 
breakers on main busbars and to circuit-breakers on 
auxiliary busbars fed by single step-down transformers. 
Where the fault kVA on the supply side of the last plant 
unit is of the order of twice that of the switch considered, 
the first peak of the restriking-voltage transient will be 
of the order of the power-frequency peak voltage. This 
applies, for example, to circuit-breakers on busbars fed 
through group-feeder reactors, and to breakers in sub¬ 
stations fed through feeders with transformers at each 
end. * 

(d) By the use of Tables 1 and 2 and the appropriate 
system parameters, it should be possible to estimate rates 
of rise of voltage at most circuit-breaker locations, the 
values so estimated being in the region of 20 % greater 
than the true value. Where there is doubt as to the 
appropriate parameters when making calculations on 
other systems, the power-frequency parameters will 
always give rates of rise, etc., still further in excess of 
their true values. 

(e) In assessing circuit parameters, the following 
points should be noted:— 

(i) When transformers determine the major fre¬ 
quency associated with a restriking-voltage transient, 
the capacitance per phase may usually be taken as the 
value obtained by multiplying the maker’s declared 
capacitance per unit length by the length of cable per 
phase between transformer and switch. In cases where 
this capacitance is less than 0-025 ju.F per phase, an 
additional 0-002 to 0 • 005 /xF should be allowed, to cover 
the self-capacitance of the transformer windings. The 
effective inductance per phase appears to be, for fre¬ 
quencies from 50 c./s. to 20 kc./s., about 100 % to 85 % 
of the inductance corresponding to the rated reactance of 
the transformer. 

(ii) Where air-cored reactors determine the major 
frequency associated with a transient of restrildng volt¬ 
age, the effective inductance appears to be that appro¬ 
priate to the rated reactance: this holds for frequencies 
so far examined up to 240 kc./s. Where cables connect 
the reactors to the circuit-breaker under consideration, 
the observation under (i) should apply: where the 
connection consists of bare conductor on insulators, it is 
probably necessary to calculate or measure the capaci¬ 
tance in each case. 

(iii) Where generators are in question, the effective 
reactances per phase are considerably less than that 
equivalent to the rated (sub-transient) reactance of the 
machine: the reduction may be as much as 25 % to 50 %. 
There is as yet insufficient data on the subject to permit 
typical figures to be put forward. 

(/) For most circuit-breaker locations itis only occasion¬ 
ally that a breaker clearing a fault is called upon to 
operate under conditions setting up the highest rates of 
rise of voltage possible at that location. This does not, 
however, apply to locations in which there are no othei 
circuit-breakers teeing off the supply in parallel with 
the breaker in question. 

(g) It is shown that the method of symmetrical 
components, as suggested by Monteith and Evans 14 for 
phase-phase and phase-earth faults, can be readily 
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extended to the calculation of restriking transients under 
all types of fault conditions. 

(h) In circuit-breakers operating on instantaneous 
relays, the type of fault giving the heaviest fault current 
broken and the highest rate of rise of voltage per pole 
of the circuit-breaker will in most cases be a 3-phase or 
3-phase-earth fault. It is possible, however, that where 
the breaker operates with time-delay, the heaviest fault 
current cleared and the highest rate of rise of voltage 
will occur with a phase-phase-earth fault. 
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APPENDIX I 

Clearing of Busbar Faults on a System in which 
the Neutral Earth Point is Supplied by a Neutral- 
Earthing Reactor 

In a system such as that of Fig. 18, where the neutral 
earth point for the substation busbars is supplied by a 


From generating station 



Fig. 18 •—Breaker A clearing fault to earth on one phase, with 
fault current iij all three phases of breaker. 

neutral-earthing reactor, the method of earthing in¬ 
troduces some complication into the consideration of The 
manner in which faults are cleared. Fault currents in 
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circuit-breakers on feeders such as B, C and D can be 
calculated in the normal manner, and their interruption 
proceeds on the same lines as on a system with an earthed 
star point in the supply. A 3-phase-earth fault, for 
instance, becomes successively a phase-phase-earth fault 
and a phase-earth fault, as the currents on the poles of 
the 3-phase circuit-breaker are interrupted in turn. 

Conditions for the circuit-breaker A are, however, 
somewhat different, since the breaker will only carry 
positive and negative phase-sequence currents, and the 
interruption of faults involving the earth connection 
proceeds in consequence in a somewhat different manner. 

For any phase-earth fault the fault currents can be 
calculated by considering the phase-sequence impedance 
networks connected as shown in Fig. 19 (a). For a 
system such as that here considered, however, the 
various networks are as shown in Fig. 19(6), if we assume 
that for the supply and load systems Z x — — (say) 

Z and Zi respectively. The total current carried by the 
switch A (Fig. 18) is the sum of the currents in the branches 
marked S in Fig. 19(&). Whilst evaluation of this total 
current in general terms of the various impedance 
components gives an expression which is too complicated 
for use here, there is no difficulty in calculating numer- 




I 


* 

Arrows indicate +ve direction of current flow 

(a) (b) 

Fig. 19.—Arrangement of phase-sequence impedance networks 
giving fault current in Breaker A, Fig. 18, 



r 



For phase (a) broken first, recovery voltage C2 3U p ; 

For phase (b) broken first, recovery voltage 3j(2E . p ); 

For phase (c) broken first, recovery voltage 3 E v \ 

where is the system phase voltage. 

Thus for i a or i c clearing first, the pole of the switch 
concerned would have to stand a recovery voltage of 
approximately 3 E p , whilst for i b clearing first, the switch 
would have to stand a recovery voltage only 3/(2 E^), 
It thus appears strongly probable that with any practical 
circuit-breaker i b would clear first, more especially 
since it can be shown that the rate of rise of voltage when 
% clears first is considerably less than the rate of rise 
when either of the other two pluses clears first. 

The currents in phases (a) and (c) are of course equal 
and opposite at the instant at which the current in 



given by neutral-earthing reactor connected to busbar. 


ically the fault current in the switch for any given 
system, and Fig. 20 shows the currents in the three 
phases of the switch for the system constants relating, 
for instance, to Switch A at Bangor Road (Fig. 9). 
These currents include the currents-supplied to the load 
under fault conditions, the total load being taken as 
10 000 lcW at 11 kV, unity power factor. 

Since there are currents flowing in all three phases, 
it is clear that the interruption of the phase-earth fault 
cannot take place in one operation. It appears probable 
that the smallest current will be cleared first, and then 
the current in the remaining phases, from the following 
considerations— 

The smallest current i b (Fig. 20) is substantially equal 
to E[(Z + Zi), whilst the currents in the other two phases 
are each of about twice this value. The impedance of 
the system, viewed from -a point of entry at any one of the 
poles of the circuit-breaker concerned (A, Fig. 18), can 
be shown to be approximately 3 (Z -f- Zi) /2, the earthed 
phase making no appreciable difference. Since the 
recovery voltage on interrupting a current 1 r.m.s. 
amperes flowing in a system of Z ohms impedance is 
IZ r.m.s. volts, then:— 


phase (b) is interrupted, but they have not then the 
value appropriate at that instant under sustained con¬ 
ditions with phase (6) open-circuited; this value is 

/O XrT 

approximately ———taken at the proper phase. 

2(Z -f- Zi) 

The current in these two phases must therefore decline 
by a transient from the value under normal fault con¬ 
ditions to the value under fault conditions with phase (6) 
open-circuited. 

In the case of a phase-phase-earth fault on the busbars, 
the switch A (Fig. 18) carries fault current in all three 
poles, as in the case of a phase-earth fault. The fault 
currents in the three phases can be calculated in a 
manner similar to that described for the phase-eart]^ 
case; it will be found that the current in the unearthed 
phase is quite small. If the unearthed phase clears first, 
the recovery voltage across that phase is 1 • 5 E p , whilst: 
if either of the other phases clears first the recovery 
voltage will be \/3E v . The unearthed phase also has to- 
contend with a considerably lower rate of rise of re¬ 
striking voltage than either of the other two phases. 
Thus it is extremely probable that when the switch A 
(Fig. 18) attempts to clear such a fault, the unearthed 
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phase will clear first, and then the two earthed phases 
simultaneously. 

The interruption of a 3-phase-earth fault will proceed 
in the same manner whether or not the neutral-earthing 
reactor is connected, since the reactor is continually 
short-circuited by the fault. 

APPENDIX II 

Effective Reactance of a Generator and its Influence 
on the Clearance of Different Types of Fault 

To calculate the transient of restriking voltage at the 
clearance of different types of fault supplied by a genera¬ 
tor it is necessary to kno’vf the effective reactance of the 
generator to the particular change postulated by the 
clearance of the fault. These reactances are defined by 


This agrees with the value deduced from the appropriate 
R.V.I. record (see Table 4, Row 4). At the interrup¬ 
tion of the first phase of a 2-phase-earth fault, the re¬ 
actance should be 


x X 



x- 


1-84 

2^42 


= 0*49 ohm 


(No R.V.I. record was taken in this connection.) At the 
interruption of a phase-earth fault the reactance should 
be 


x X 


(2 + n) 2-42 _ 

i —_—L = x -= 0-52 ohm 


This agrees with the value deduced from the appropriate 
R.V.I. record (see Table 4, Row 3). 


Table 19 

Effective Reactance at the Interruption of different stages of different types of Fault, in terms of 

Reactances to Symmetrical Components 


1 

2 

3 

4 

5 

Type of fault and stage of clearance 

Voltage appearing across pole 
of switch 

Current interrupted 

Effective reactance 

Effective reactance if 
nx 1 = nx% —■ 

1st phase of 3-phase fault 

2nd phase of 3-phase fault 

1st phase of 3-phase-earth fault 

2nd phase of 3-phase-earth fault 

3rd phase of 2-phase-earth fault 

3E p x 2 l{x x T x 2 ) 
(a^—a)E p f 

Ep[{ci — 1 ) x ‘i, J r{ a « 2 )* 0 ]t 

Ep/x x 

(a 2 — a)Epl (x x +* 2 ) 
Epl x i 

Ep[(a-l)x z + {a-a 2 )x Q ]t 

3 XpC 2 l (**T++) 

X x + X 2 

^LiX^X-y 

1 * 5.T, 

2x x 

x x .3nl(n J r 1) 
aj 1 (l+2»)/(2+n) 

x x (2~\-ri)f3 

(a?! + x 2 Tq) 

E p 


2x 0 

(x x + x 2+x 0 )/3 


* 

t 


E p = phase voltage. x Q , x v x 2 = reactances to symmetrical components of current. 
a=— 0*5 + 0*866,?. 


Substitution valid under transient conditions. 
These values apply to one phase (say B phase). 


t This voltage appears across two poles. 
The other phase (say C phase) will have different current and voltage values, but same effective reactance. 


the ratio between the voltage appearing across the pole 
of the circuit-breaker interrupting the current, and the 
■current interrupted. It is known that the reactance 
varies with the type of fault cleared, and it is here 
shown how the various effective reactances may be de¬ 
duced from a knowledge of the positive, negative, and 
zero phase-sequence reactances of the generator. 

In Table 19 are set out, for each stage of interruption, 
the voltage appearing across the break (Col. 2), the 
current interrupted (Col. 3) and the ratio between these 
two quantities, giving the effective reactance of the 
machine to the particular interruption (Col. 4). So far as 
transient conditions are concerned, it is possible to unite 
nx 1 — nx 2 — t 0 , where n is some constant; and Col. 5 
gives the effective reactances in terms of x and n, i.e. the 
effective reactances during transient conditions. 

-"■ r These relations agree with the numerical values given 
in the body of the report: for instance, from the R.V.I. 
records treated in Table 4 we find that in the phase-to- 
phase and phase to phase-phase cases x — 0-65. In the 
3-phase-earth case nx = 0-27, or n = 0*42. At the in¬ 
terruption of the first phase of a 3-phase-earth fault the 
reactance should be 

3n 1*26 . , 

x X ——— — x X. - yr = 0*44 ohm 

2n + 1 T 84 


APPENDIX III 

Application of Method of Symmetrical Compon¬ 
ents to Calculation or Measurement of Transients 
of Restriking Voltage under any Fault Conditions 

It has been shown by Evans and Monteith 14 that 
the method of symmetrical components can be applied 
to the evaluation of transients of restriking voltage for 
phase-phase and phase-earth fault conditions. It is not 
difficult to extend this to cover all types of fault con¬ 
ditions. 

It has been shown in Appendix II that the reactances 
of a system to the clearance of the first and second two 
phases of a 3-phase fault and the first, second and 
third phases of a 3-phase-earth fault are respectively 

3X^X2!(X-^ + flJg) j (+ + •+) J (SSj) , 

and \x x + x 2 + x Q ){3. 

Diagrams showing how the phase-sequence impedance 
networks are connected to give these resultant impe¬ 
dances are shown in Fig. 21. 

Since when we ate dealing with transients of restriking 
voltages, positive and negative phase-sequence impe¬ 
dances can always be taken as equal, the diagrams of 
Fig. 21 can be simplified as shown in Fig. 22. It will be 
clear that, once the systems giving rise to the transients 
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Fig. 21. —Interconnection on phase-sequence impedance net¬ 
works to represent effective impedance of systems at 
clearance of different types of fault. (“ \ x -f ve 
sequence network ” represents the impedance of two 
positive-sequence networks in parallel.) 

(i) Impedance at clearing of first phase of 3-phasc short-circuit. 

(ii) Impedance at clearing of second two phases of 3-phase short-circuit. 

(iii) Impedance at clearing of first phase of 3-phase-earth short-circuit. 

(iv) Impedance at clearing of second phase of 3-phase-earth short-circuit (first 
phase of 2 phase-earth short-circuit). 

(v) Impedance at clearing of third phase of 3-phase earth short-circuit. 
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Fig. 22.—Arrangements of phase-sequence impedance 

systems to give transients of restriking voltage at 
clearance of different types of fault. 

(i) System determining transient at clearance of first phase o 3-phase short- 
circuit. 

(ii) System determining transient at clearance of ^second two phases of 3-phase 
short-circuit. 

(iii) System determining transient at clearance of first phase of 3-phase-earth 
short-circuit. 

(iv) System determining transient at clearance of sepond phase of 3-phase-earth 
short-circuit. 

(v) System determining transient at clearance of third phase of 3-phase-eartli 
short-circuit. 


Vol. 86. 


of restriking voltage in the positive and zero phase- 
seqnence systems have been established, it is possible to 
deduce therefrom the transients in all other types of 
fault interruption. 

From Fig. 22 it will be seen that whereas for (i), (ii) 
and (v) (clearances of both types of unearthed fault, and 
■•phase-earth fault) the transients of restriking voltage 
contain only those frequencies appearing in the positive 
and zero phase-sequence systems alone, transients at the 
other two types of clearance (first and second phases of a 
3-phase-earth fault) must in general contain quite new 
frequencies. 

APPENDIX IV 

Note on Effective Reactance of an Alternator so 
far as Transients of Restriking Voltage are 
Concerned 

The variation of effective reactance with time arises 
from the fact that the leakage-flux paths determining 
this reactance are in the main paths through iron or 



Fig. 23.—Form of voltage across two terminals of generator 
with zero self or external capacitance, to which a linearly- 
increasing current starting from zero is applied. 


copper, so that on any change of current through the 
windings the flux is prevented from changing with the 
current, by reason of eddy currents in flux paths. In 
the complicated structure of an alternator, eddy-current 
paths of diverse time-constants exist. One, in the 
field winding, determines the rate at which the effective 
reactance of the machine increases from the transient 
to the synchronous value (this time-constant may be 
of the order of 1 sec.). A second set of eddy-current 
paths, of time-constant of the order of 0-02-0-05 sec., 
determines the rate of change of effective reactance of 
the machine in the sub-transient stage. C. E. R. Bruce 13 
has, from a study of recovery voltage, shown the exis¬ 
tence of components of time-constant less than 0-01 sec. 
It must follow that there exist components of time- 
constant of the order of 100 microsec. determingd tez: 
eddy currents in the stator iron stampings and in the 
copper windings themselves. Thus a linearly increasing 
current forced through the generator windings (as would 
be possible only in the absence of winding capacitance) 
would experience a voltage of the form shown by the 
full line in Fig. 23. The value OA is determined by a 
reactance appropriate to those leakage paths through 
air only. The voltage thereafter increases in a series 
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of exponential terms appropriate to the various eddy- 
current paths. 

Attempts to deduce the initial reactance from data on 
which the earliest valid points are B', C', T>', etc., will 
result in obtaining the values OB, OC, OD, etc., all 
greater than the true initial reactance OA. Thus when 
we attempt to obtain a value for this initial reactance* 
from considerations of the amplitude of an R.V.I. 
record, the value obtained will vary to some extent with 
the frequency of its oscillatory component, which deter¬ 
mines the time of the earliest point on a curve such as 
that of Fig. 23. Such a value, however, is sure to be less 
than the “sub-transient reactance” of the generator 
calculated from its percentage reactance, since the latter 
is determined from consideration of power-frequency 
phenomena only. 

On account of the capacitance of the windings and 
external cables connected, the restriking-voltage tran¬ 
sient contains an oscillatory component also. The 
reactance ” to this component of current, whilst it 
starts at OA (Fig. 23), rapidly settles down to a value 
appropriate to its frequency. This value will be some¬ 
where between OA and the final value. Thus if from 


considerations of the known external capacitance of the 
cables with the self-capacitance of the windings, and the 
frequency of the oscillatory component of the transient 
an effective, reactance is deduced, it is likely that this 
reactance will be different from that deduced from ampli¬ 
tude considerations with the R.V.I. as described above. 

The phenomena described above can easily account 
for the apparent excessive damping frequently observed 
m the first cycle of transients of restriking voltage across 
a generator. 

The variation (with the type of fault cleared) of 
effective reactance per phase, even to transients of re- 
s ang voltage, is due to difference between positive 
or negative and zero phase-sequence sub-transient 
reactance. The effective reactance per phase at the 
interruption of any type of fault can be expressed in 
terms of the various phase-sequence reactances as shown 
m Appendices II and III: thus from knowledge of the 
positive and zero phase-sequence reactance per phase it 
is possible to calculate an effective reactance per phase 
at the. clearance of any type of fault. This probably 
applies to capacitance, although the point has not been 
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The history of civilization is one of constant change in 
the conditions of living from generation to generation. 
These changes occur in peace time by a gradual process 
of development due to the continuous effort of the com¬ 
munity to improve conditions. Constructive effort is 
the vocation of the engineer—in constructive achieve¬ 
ment he finds happiness. The catastrophe of war which 
has burst upon the world has called a momentary halt 
to construction. Change will now be brought about 
mainly by the forces of destruction. The engineer must 
adapt his activities and his outlook to the new sur¬ 
roundings. Pt would be idle to pretend that, as engineers, 
our predominant thoughts are still engaged in the parti¬ 
cular spheres of electrical science which are our all- 
absorbing interest in peace time. We are in reality 
much more concerned with the new world which will 
result from the convulsions through which society is now 
passing. The catastrophe of war and the economic diffi¬ 
culties which it brings in its train have turned men’s 
minds back to fundamental thoughts. We are more con¬ 
cerned at present with considerations of our place in, and 
our duty to, society. It is a time for stock-taking—we 
are entering into a new era. It is a time to look back to 
consider what our contribution as engineers has been to 
progress in the past, and to look forward to consider how 
our profession can make the better contribution to society 
for which the more difficult future will call. 

.How important is the place of the engineer in society? 
Of what relative consequence is the contribution he makes 
to the community? These are matters to which, as engi¬ 
neers, we rarely, if ever, give thought. We are generally 
too much concerned with the details of our day-to-day 
constructive work. At a time such as the present when 
circumstances compel us to give thought to these matters, 
we are ourselves somewhat surprised to realize of what 
great consequence our activities are to the progress and 
welfare of the community. Yet, as a profession, we are 
little heard of in the public life of the community. We 
have little to say to the direction of the world in which 
we live, yet we do much to bring about the changes in 
it. When we give some consideration to the matter, we 
come to realize that the material welfare of the com¬ 
munity has been largely altered by the engineer and is 
to-day largely dependent on the efficiency of the engi¬ 
neering profession. In the present time of crisis it is of 
prime importance that the profession should consider 
the grave implications of this serious responsibility to 
society. 

Through the ages the human species has remained the 
same; the elementary requirements of man in mind and 
body have remained the same. What has altered is 

* Electricity Supply Board of Eire. 


what might be termed the mechanical organization of 
civilization. The primitive neec^s of man are still food, 
clothing and shelter. But science and engineering have 
altered in time, out of all recognition, the ability of man 
to satisfy these needs in quality and quantity. The dis¬ 
coveries of science, by which man has been enabled to 
apply the huge forces of energy contained in Nature to 
the problem of production—where he was previously 
limited by the energy which the human or animal alone 
was capable of expending—have been the main factors 
which have contributed to material progress. In the 
future, as in the past, the ability to provide food, clothing 
and shelter in better quality, greater quantity and at less 
cost, will depend on the application of scientific study and 
knowledge to the problems of production and on the 
application of mechanical machinery to production itself. 
The main factors which have influenced material progress 
in this century are all discoveries of science and engi¬ 
neering, the development of the applications of electricity, 
and improvements in communications. 

What contribution has engineering made to material 
progress in this young State of ours? At the period of 
the establishment of the State, some 20 years ago, war 
and strife had left the country in a backward condition 
so far as the amenities of modern civilization were con¬ 
cerned. It was then not a State which called primarily 
for new invention and discovery to bring about progress. 

It is hardly even in such a condition to-day. What was 
required was to endeavour to achieve quickly a state of 
material progress comparable with that which existed 
in more developed lands. What was required was not 
scientific research so much as practical engineering. The 
business of the engineer was to study development as it 
existed in other countries, to study methods of design 
and construction, to study economy in materials and to 
apply existing knowledge to the rapid development of 
this country. Only as we tend to achieve a state of 
material development comparable with the most ad¬ 
vanced lands will new invention and discovery make its 
appearance here. The relatively backward state of the 
country rendered rapidity in development the primary 
need. How far has this been achieved and what factors 
will influence, or are influencing, its future achievement ?V- 
The main spheres of development in which the pro¬ 
fession of electrical engineering in this country has been 
engaged are the activities of the Department of Posts 
and Telegraphs and the electricity supply industry. In 
the Chairman’s Address last year we were told of the 
former activities. It remains for me, therefore, to speak 
of the progress of the electricity supply industry. 

' Development of electricity supply on a large scale in 
this country began just a decade- ago when the hydro- 
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electric giant of the River Shannon went into operation 
in October, 1929. At that time there were two major 
power plants—one in Dublin City and one in Cork City— 
and throughout the rest of the country there were in 
many of the towns small local plants supplying mainly 
electricity for lighting purposes. In the area surrounding 
the centre of the present City of Dublin, electricity supply 
mains were limited to the immediate suburbs of Rath- 
mines and Pembroke and the centre of Dun Laoghaire. 
Large towns such as Waterford, Sligo, Tralee, Wexford 
and Drogheda, with populations varying from 27 000 to 
11 000, were without electricity supply. The plant 
installed at Pigeon Hqwse in Dublin had a capacity of 
21 000 kW, while that in Cork City amounted to 7 700 kW. 
The peak load at the Pigeon Plouse station was 17 250 kW, 
while that at the Cork station was 4 300 kW. The total 
electricity sold in the country for public electricity supply 
purposes amounted to 48 million units in the year prior to 
October, 1929. Of this, 31 million were sold in Dublin 
City and its immediate suburbs of Rathmines and Pem¬ 
broke. In Cork City 9 million units were sold, including 
supply for tramway purposes. The residue of onfy 
8 million units represented the total sales throughout the 
rest of the country. The use of electricity throughout 
the rest of the country was confined practically completely 
to lighting. Over half the consumption in Dublin City 
and suburbs was for lighting and domestic supply, the 
residue of some 13 million units being for motive-power 
purposes. The total number of electricity consumers in 
the country was 50 500, of which 26 000 were in Dublin 
City and its immediate suburbs and 4 200 in Cork City, 
leaving some 20 000 throughout the rest of the country. 

The corresponding figures relating to the present state 
of electrical development are mainly contained in the 
statistics of the Electricity Supply Board. The power 
plant now installed on the Pigeon House site has a 
capacity of some 80 000 kW, which the extra unit just 
installed will bring up to 100 000 kW. The peak load 
of Dublin City is now about 48 000 kW and that of 
Cork City about 9 500 kW. The total electricity sold 
for public supply purposes (excluding traction) amounted 
to 276 million units, as against the 48 million units a 
decade ago. The sales in the former Dublin City area, 
with its immediate suburbs of Rathmines and Pembroke, 
would amount to some 107 million units, as compared 
with the figure of 31 million. The sales for motive- 
power purposes in this area would amount to some 
35 million, as compared with the figure of 13 million. 
The sales in Cork City area were 24 million units, as com¬ 
pared with 9 million, while the residual sales throughout 
the lest of the country amounted to 145 million units, 
as compared with the figure of 8 million units a decade 
ago. Of these sales, some 65 million were for motive- 
-^pcv^er purposes, an all-important purpose in the material 
pi ogress of the community for which public electricity 
supply was in fact, as indicated, not available a decade 
ago. The total number of electricity consumers had 
increased over the same period from 50 000 to 160 000, 
of which 74 000 were in'the Dublin City area and its 
immediate suburbs and 11 000 in Cork City. 

In glancing at the increase in the number of electricity 
consumers in Dublin City area from 26 000 to 74 000 
over the decade, it is necessary to check up on the in¬ 


crease in population so as to get a correct appreciation 
of the percentage of potential consumers connected. 
The population according to the 1926 census was 409 000, 
and had increased to 476 000 on the records of the 1936 
census. Taking account of the average number of per¬ 
sons per family, the percentage of families in Dublin 
City area using electricity had risen from some 27 % of 
the total to 67 % over the decade. The population of 
Cork City was 92 000 in 1926, and 99 000 in 1930. The 
number of electricity consumers was, as stated, 4 200 in 
1929 and had increased to 11 000 in 1939. The per¬ 
centage of families using electricity increased from 20 % 
to 49 %. 

It is of interest to glance at the similar progress in 
some of the urban areas. The population of Limerick 
City increased from 41 000 to 44 000, and the number 
of electricity consumers from 885 to 6 461. Galway 
City increased from 14 000 to 18 000 in population, while 
the number of electricity consumers increased from 897 
to 2 431. Dundalk increased in population from 14 000 
to 16 000, with an increase in electricity consumers from 
985 to 2 168. Clonmel increased in population from 
9 000 to 9 400, while the electricity consumers increased 
from 177 to 671. All these were areas supplied by small 
local plants a decade ago. 

The criterion of the general increase in the number of 
electricity consumers from 50 000 to 160 000 is interesting 
as an indication of the degree to which a supply of 
electricity is available to, or used by, the community. 
Another criterion is the total population of the areas 
served by electricity distribution mains. This amounts to 
some 1 200 000. The total population of the country is, 
however, some 2 900 000, leaving some 1 700 000 popula¬ 
tion living in territory yet unserved by electricity mains. 
These are the agricultural population living in dwellings 
scattered all over the country, and we are aware of the 
very difficult problem it is to make progress in supply 
to such scattered dwellings. 

In considering the general question of advance in 
electricity supply, the most striking criterion is the 
increase in sales of electricity. Excluding for the moment 
the sales in Dublin and Cork cities, the increase in the 
remainder of the country has been, as stated, from 
8 million units to 145 million units over the decade. In 
Limerick City the increase was from 970 000 to 8 400 000 
units; in Galway City from 430 000 to 4 080 000 units; 
and in Dundalk from 1 167 000 to 3 800 000. Omitting 
these areas, the increase in sales for the remainder of 
the country has been from 6$ million units to 129 million 
units over the decade. 

An analysis of the increase in sales under various 
headings is of interest. An accurate figure for the sale 
of electricity to domestic consumers a decade ago is not 
readily available, but it was of the order of 10 million 
units as a total for the whole country. The corresponding 
figure in 1939 was 84 million units. Outside the domes¬ 
tic sales, the sales of electricity for general heating, 
cooking and water-heating reached the figure of 27 
million in 1939, whereas in 1929 the sales for these 
purposes were negligible. 

The consumption per consumer of electricity for 
domestic purposes has now reached a reasonably ad¬ 
vanced figure compared with that in other countries. 
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In Dublin City environs, which is probably the most 
well-to-do residential area in the country, it has reached 
the average figure of 1 200 units per consumer; in Dublin 
City area G50 units per consumer, and in Cork and 
Limerick cities about 550 units per consumer. Over 
the rest of the country it would be about 750 units per 
consumer. 

The sales of electricity for industrial motive-power 
p^j*pQS (33 in the year prior to the Shannon plant coming 
into operation totalled 20 million units for the whole 
country—a decade later they had reached the figure of 
115 million units. Of this 20 million units, 13 million 
units were sold in Dublin City and its immediate suburbs, 

5 million units in Cork City, and not more than 2 million 
units in the rest of the country. The corresponding 
figures a decade later were 35 million units in Dublin 
City, 15 million units in Cork City, and 65 million units 
in the rest of the country. The total industrial horse¬ 
power connected to public electricity supply amounted 
in 1929 to some 25 000 h.p.—a decade later this figure 

had risen to 108 000 h.p. _ _ 

The great increase in consumption of electricity for 
industrial motive power in the areas outside the two 
large cities is of particular interest as indicating a spread 
of industrial activity throughout the country following 
the spread of electricity-supply mains. There are pub¬ 
lished in the Appendices to the Annual Reports of the 
Electricity Supply Board since 1932, tables showing the 
industrial horse-power connected in each city, town and 
village, and a study of these tables will give a very good 
appreciation of the growth in use of electricity for 
industrial motive-power purposes throughout the country. 
It is of particular interest to note the growth in the small 
towns and villages, where electric motors are now largely 
being used to do work which could previously only be 
done by hand. 

The figures set out are sufficient to show that remark¬ 
able progress has been made in the electricity-supply 
industry in this territory of ours over the last decade. 

I do not propose to try to give any picture of the develop¬ 
ment of the huge machine that has been built up to 
achieve this progress, or to try to give any conception 
of the engineering work that has gone into the achieve¬ 
ment. What we started out to do was to glance at the 
achievement itself and to check up on our contribution 
to society. But while figures of increase in plant capacity, 
peak load and units sold, do convey to us that we have 
made remarkable progress, I have often wondered just 
how much they convey to the man in the street, or 
indeed how far they convey to us, as engineers, the real 
contribution we are making to the material progress of 
the community. For instance, what is the importance 
of the fact that the sale of electricity for industrial 
motive-power purposes has increased from. 20 nulhon 
units to 116 million units over the last decade. Its 
importance is that production can only be achieved by 
the expenditure of energy, and electricity is a form of 
energy. The increase in units sold means, therefore^ 
that we have made available to the community so nruc 
additional energy to assist in . increase of production. 
How really great the contribution has been, however, 
we can only realize if we glance for a moment at t e 
worth of a unit of electricity as a form of work and. 


compare it with the work which a man can do himself 
in a day working with his muscles. In this respect it 
may not be out of place to quote from an article pub¬ 
lished in the June, 1939, issue of the American Edison 
Electric Institute Bulletin, entitled " When You Buy 
Electricity You Buy Work.” The work is done in the 
f power house down by the river, is transmitted by wire 
all over the country, and is used in the homes and 
factories of the community. In this article the funda¬ 
mental fact was stressed that " No man can make a 
unit of electricity in a day with his muscles alone.” 
Engineers have measured in foot-pounds or work units 
the work that all kinds of labourers can do in a day, 
and their day’s muscle work averaged only 28 % of a 
kilowatt-hour. It haTs been established that a unit 
of electricity is equal to the muscle work of a man 
pumping for 2 days, lifting weights for about 5 days, 
hammering for about 6 days, carrying a hod for about 
7 days, wheeling bricks for about 8 days, or shovelling 
for about 9 days.” When we contemplate these facts, 
we realize how “ man’s muscle work and power is puny, 
no matter what the task.” We realize also what a 
great contribution we make, as electrical engineers, 
to man’s productive capacity when we provide him 
with units of electricity to do work previously done 
by hand. An endeavour to express the present annual 
sale of 115 million units of electricity for industrial 
motive power purposes in man-days of work gives a 
much better appreciation of the contribution they repre¬ 
sent to the efforts of the community. They are equiva¬ 
lent to the muscular effort of about lj million men 
working for a year. 

Increased sales of electricity are accordingly of grea. 
importance to the community in so far as they really 
mean the provision of labour for production at a mini¬ 
mum cost. No human working with his muscles can do 
more than a fraction of the work in a day that a unit of 
electricity can be made to do, and no human could exist 
on wages which would compete in cost with a unit of 
electricity. Whether we like it or not, we have, as a 
community, to eke out our existence in a world where 
production is largely mechanized, and if this particular 
community of ours, is to maintain a standard of living 
in keeping with even the present-day stage of world 
material progress, then it must have at its disposal 
modern means of production. As electrical engineers 
engaged in the electricity-supply industry, our contribu¬ 
tion to social progress has been to place mechanical 
energy in its cheapest and most pliable form, namely 
electricity, to as widespread a degree as possible, at the 

disposal of the community. 

But what of the future ? Is the community which 
has at present electricity supply at its disposal utilizing 
it to the full, and what of the large and very important 
section of the community which.has not as yet any 
supply of electricity at its disposal? As regards the first 
section of the community, we can answer straight away, 
from our knowledge of the experience of our colleagues 
in other countries, that our community has really only 
begun in the last decade seriously to avail itself of elec¬ 
tricity supply and that its use of it will, and must, 
increase very rapidly if the community itself is going to 
progress in material prosperity. I do not propose, m 
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this Address, to labour this argument—it is so funda¬ 
mental a truth as not to require further proof at the 
moment. But what of the large section of the com¬ 
munity to whom, as engineers engaged in the electricity 
supply industry, we have not as yet succeeded in bringing 
supply? In the present state of world progress, can this 
section of the community reach a modern standard of 
living unless modern engineering science is brought to 
their assistance to a much greater degree? Personally 
I cannot see how they can, and I feel that, as engineers 
concerned with our duty to the community, we shall 
have seriously to turn our thoughts to this problem. 

The mass of the population to whom electricity supply 
is not as yet available are*those living in the truly rural 
areas and mainly engaged in agricultural production. 
They are that section of the population from which 
comes the social evil of '* the flight from the land/' an 
evil which is a great source of worry to our community. 
They are at the same time that section of the community 
wherein lies the primary necessity for increased and 
cheaper production. Can " the flight from the land ” 
be diminished or stopped unless the standard of living 
in these rural areas is brought closer to the level of that 
in the towns ? I think we must agree it cannot. And 
can the standard of living in the rural areas be raised 
otherwise than by the application to a greater degree of 
modern science and engineering ? I think we must also 
agree it cannot. And can cheaper and increased produc¬ 
tion be achieved by an increased use of man and animal 
muscle-energy only? It can perhaps to a limited degree, 
but I cannot see how it can be brought to anything like 
a competitive level without the use, at least to a corre¬ 
sponding degree, of the modern mechanical means of 
production used in the more prosperous agricultural 
countries of the world. We must not overlook the fact 
that electricity supply is at the disposal of, and is utilized 
to a high degree by, the rural and farming communities 
of such kindred agricultural countries as Denmark and 
Sweden. Is not one of the reasons why farming in this 
country gives such a poor return to the farmer and 
worker engaged on the farm, as compared with the worker 
engaged in production in the towns, the fact that, 
whereas the farmer must rely for his output practically 
completely on muscle effort, the worker engaged in the 
towns has abundant and very cheap labour to assist him 
m the form of mechanical power or work placed at his 
disposal by the utilization of the forces of nature—“ the 
work done in the power house down by the river”? 
Let us again recall that one unit of electricity, costing a 
few pence, can yield more work than any one man can 
do in a day! 

The problem of the extension of electricity supply to 
the rural community is one very difficult of economic 
solution, and it is not made easier by the general eco- 
n^nic^ difficulties of-the present situation. It is men¬ 
tioned. simply to indicate to the engineer that, while he 
can take pride in present achievements, there remains 
a big field for effort and a further major contribution 
which engineering science must make to the progress of 
the community. Effort on the part of the engineer 


results in achievement, not when the technical problems 
are solved, but only when the solution found serves the 
primary purpose of better economy. The fact that the 
problem is difficult of economic solution renders it none 
the less a problem for engineers—a problem for the 
economic solution of which the community must turn to 
the engineering profession. 

To return to the general question of the place of the 
engineer in, and his duty to, the community, there is one 
very serious aspect of activity which at this critical 
period appears to me to call for special consideration, 
We are passing into more difficult times, a period in 
which the community cannot afford to tolerate waste 
effort, a period in which results must be achieved with 
a maximum of efficiency and a minimum of expenditure. 
Yet, as engineers, we cannot close our eyes to some 
aspects of a growing inefficiency in community effort. 
If you agree with me that this situation does exist, you 
will also agree with me that I should be failing in my 
duty if I did not call attention to it at this critical time. 
As engineers our whole raison d’etre is to increase the 
efficiency of community effort; the purpose of our educa¬ 
tion and training is to enable us to bring to the aid of 
the community the great sources of power in Nature. 
We can equip ourselves with all this knowledge, we can 
be possessed of all the capacity, but the results achieved 
will be little if the community does not find ways and 
means to utilize our service effectively, and I feel that 
at the present time there is a very clear tendency for the 
community machine to develop in such a manner as to 
reduce rather than add to its efficiency. 

As engineers, we should not be surprised at this 
tendency—it is a natural development arising out of the 
growing complication of communal activities. It is a 
tendency for which there is a clear parallel in the develop¬ 
ment of electricity distribution itself. As a system of 
electricity distribution grows and spreads out, as the 
load grows, the necessity for increased protective equip¬ 
ment here and there on the system constantly arises, but 
it is not uncommon to find, with the growing complica¬ 
tions of the system, that the protective measures taken 
from time to time have grown to such a complicated 
system of protection as no longer to serve their purpose 
with any degree of efficiency. The engineer then finds 
it necessary to re-examine the problem as a whole, to 
scrap the complicated protective system and introduce 
a much simpler solution, relating any risks in operation 
to the primary purpose of an economic and efficient 
service to the consumer. 

. ^ ven ^ ure ^°_ suggest that there is a similar tendency 
m the community machine and that it must be corrected 
to secure greater economy and efficiency in effort in the 
more difficult times ahead. It is only because I feel 
deeply the necessity for maximum economy and efficiency 
m community effort that I mention the matter at all, 
and only because I feel that to permit inefficiency in 
effort to develop would not only be an injury to 
the community, of which we are all members, but 
would be disastrous to the progress of our own’ pro¬ 
fession. r 



INDUSTRIAL APPLICATIONS OF ELECTRICITY* 


By H. G. WEAVER, Member. 


The progress which has been made in the applications 
of electricity in iron and steel works is the outstanding 
feature of factory electrification since the publication of 
the last review of progress in 1936,f and it therefore 
forms a considerable proportion of this review. The 
electric driving of steel rolling-mills and their auxiliaries 
has, however, not been dealt with, as this is to be the 
subject of a separate paper. 

ORE UNLOADERS 

It appears to be now established that whereas Ward- 
Leonard control affords the most efficient method of 
providing the drive for the hoist and long travel motions, 
the additional weight involved in the carrying of the 
conversion set on the crab is considered to outweigh its 
advantages, and a plain direct-current series drive has 
proved the most popular, the motors being, of course, 
of the steel-clad mill pattern, with roller bearings and 
split frames. 

COAL HANDLING 

The main point of interest with recent installations of 
drives for coal-handling plant is the universal adoption 
of totally enclosed, fan-cooled motors, which are described 
later in this review. The controls have a system of 
sequence interlocking, which ensures that the stopping 
of certain conveyors will always automatically ensure 
the stopping of any other conveyors that are feeding it. 

COKE-OVEN PLANT 

More attention has recently been paid to the enclosure 
of the motors used in these plants, owing to the dele¬ 
terious effect of the gases in the atmosphere. Special 
castings are used as far as possible, care being taken to 
see that they are free from porosity. Gas-proof gaskets 
and varnish are used for all frame and cover joints, and 
the windings carefully sealed with varnish and given 
extra coats of enamel. 

BLAST FURNACES 

Modern practice in the electrical equipment of blast¬ 
furnace skip hoists is shown by the following particulars 
of a recent installation for two hoists. 

The hoists are of the balanced type, with two hoist 
motors on each. The weight of each bucket empty is 
12 000 lb-, and the weight of ore charge 18 000—20 000 lb. 
The skip travel is 200 ft,, at a speed of 450-600 ft./min., 
with an angle of incline 53° from the horizontal. Each 
hoist is driven by two 200-h.p., 22Q-volt, direct-current, 
steel-works-type motors, with a speed range of 0-570- 
762 r.p.m. by shunt control, which are forced-ventilated 
by motor-driven blowers mounted on top of the motor 

* A review of progress. t Journal I.E.E., 1936, 78, p. 333. 
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frame. A 24-in. solenoid brake is mounted on the 
driven shaft. The two motors are connected in series 
across a 310-kW, 440-volt generator. 

The two skip hoist§ are arranged by switching to run 
from any two of three motor-generator sets, each set 
comprising a 310-kW, 440-volt generator driven by a 
450-h.p., 3-phase, slip-ring induction motor. 

The control of the hoists is by contactor gear, with 
hand-operated master switches. Track-limit switches, 
over-wind limit switches, screw-gear depth indicators, 
and landing-speed adjusting rheostats, are all provided. 

New features are continually being introduced in the 
electrical operation of ^ the winch equipment for the 
charging bells of blast furnaces. In a recent example 
the large bell is driven by a 17-h.p. d.c. compound-wound 
motor, and the small bell by a 10-h.p. motor of the same 
type and speed. In each case the motor speed when 
raising the bell is 540 r.p.m., and when lowering the bell 
840 r.p.m. The control is by contactors and resistances, 
and is so arranged that in the event of slack cable the 
bell-lowering contactors are opened and the winch is 
automatically reversed, so taking up the slack cable; 
then after a short time interval the bell is automatically 
caused to lower again, and this operation is repeated 
until the bell falls away freely or the operation is tripped 
by hand. The slack-cable switch is operated from the 
sealing-weight balance lever. There is also complete 
interlocking of the bells, such that one bell must have 
completed its full travel and also sealed before the other 
bell moves. 

The production of iron in a modern blast furnace is a 
continuous process, and the main essential of furnace 
operation is therefore smooth and regular working, with 
as few stops as possible. The most difficult problem 
has been the development of a satisfactory method of 
stopping up the iron tapping hole when required, without 
the necessity of shutting off the blast.' 

An electrically-driven clay gun has recently been 
introduced for this purpose, the motors being of a special 
design, as described later. The gun itself is suspended 
from a boom, which swings it into position and holds it 
against the hole while plugging is taking place. The 
gun is driven by a 20-h.p. motor, and the boom by a 
10-h.p. motor. Both motors are of the 3-phase induction 
type with squirrel-cage rotors. They are switcheti direct 
on to the line, without any overload or other type of 
protection, but limit switches are provided on both 
motions to prevent mechanical damage due to mal- 
operation of the controllers. The stalling torque of the 
20 -h.p. motor is 1 ■ 6 times full-load torque, and of the 
10 -h.p. motor 1 • 35 times full-load torque, in each case 
when taking 2-5 times full-load current at full line 
voltage. The boom motor is stalled when holding the 
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gun against the hole, and the gun motor may be stalled 
if the hole is small. Very high ambient temperatures 
are encountered, and the motors have to be capable of 
withstanding stalling for half a minute under these 
conditions without excessive heating. They are of 
welded steel construction throughout, and have 3 % 
nickel-steel shafts running in ball and roller bearings.* 
The stator windings are insulated with asbestos in mica- 
lined slots. The rotor windings consist of bronze bars 
secured in semi-enclosed slots, which are lined with 
anodized aluminium. The short-circuiting end rings are 
of heavy-section eureka metal, these being slotted to 
receive the rotor bars, and <fehe whole brazed together at 
high temperature. This "method *of construction com¬ 
bines high heat capacity with high resistance. 


ELECTRIC FURNACES 

For melting both ferrous and non-ferrous metals, 
high-frequency furnaces and arc furnaces have been 
installed in increasing numbers, but very considerable 
de\ elopments have taken place in electric furnaces for 
heat treatment since the last review was published 
They are now used in the production of castings, sheets’ 
strip and wire, for normalizing, stabilizing, and particu¬ 
larly for bright annealing. 

One plant for producing aluminium sheets has been 
equipped with a soaking pit furnace for ingots, a chain 
conveyor furnace for slabs, cylindrical pit furnaces for 
coil annealing, and salt-bath furnaces for the heat treat¬ 
ment of sheets, all electrically heated and capable of 
dealing with aluminium. F 

A particularly interesting development which is gaining 
ground more and more is the nitriding process, i.e the 
treatment of special steel in an ammonia atmosphere 
for the production of specially hardened parts This 
zone-hardening can now be accomplished in 3 to 7 

being very smau 

IS required Round steel bars, 2f in. diameter can bf 
heated ready for forging in 90 seconds. 

electric furnaces are now used to a greater extent in 
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concentrated heat is generated within the layer of resis¬ 
tant material, and a portion of the edges being welded 
is melted and fused. During welding, a sub-surface 
layer of molten resistant material floats as a liquid over 
the molten weld metal and excludes the atmosphere and 
other gases, thus making a clean, dense metal of excellent 
physical properties. A fine-wire fuse is used to start the 
weld. 

GENERATING PLANT 

In factories which generate all or part of their require¬ 
ments, the unit or non-basement type of turbo-generator 
for small and medium outputs is now usually installed. 
The arrangement consists of a high-speed turbine running 
at about 6 000 r.p.m., geared to a generator running at 
about 1 000 r.p.m., with the extraction pump driven 
mechanically from, and the circulating pump coupled 
direct to, the low-speed shaft. The condenser is also 
arranged on the same floor-level. 

Results obtained with a number of installations during 
recent years show conclusively that where large quan¬ 
tities of process steam are required in a factory, in 
addition to electric power, the use of a back-pressure or 
pass-out turbo-generating set will enable power to be 
generated at an almost absurdly low cost, especially 
where good balance between the heating and electrical 
requirements can be arranged. 


SWITCHGEAR 
Main Switchgear 

In large factories the control of the bought or generated 
electric power has emphasized the importance of adequate 
rupturing capacity of main switchgear under modern 
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ELECTRIC WELDING 
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Distribution Switchgear 
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fuses dealing with these, and thus saving apparatus. 
Another valuable feature of this type of fuse is that it 
does not deteriorate with time. 

The group-drive line-shaft system is being rapidly 
displaced by self-contained motor-driven machines, and 
in machine shops which have a large number of such 
machines the distribution of power to them becomes 
difficult, especially when it is not convenient to run 
cables on the floor or under it. To meet such conditions, 
overhead busbar systems have been developed and are 
now widely used. The system consists of tubular or 
rectangular bar conductors carried on porcelain or 
moulded insulators, with steel trunking for supporting 
and enclosing the conductors and arranged for securing 
to the roof or roof members. The busbar chambers 
are so arranged that circuits can be teed off easily by 
means of fused units, which in some designs can be 
plugged in. 

There is now available an almost indestructible type 
of cable for use in difficult situations where standard 
types of cable give trouble. It consists of copper con¬ 
ductors which are embedded in an insulating mineral 
powder compressed under heavy pressure in a copper 
. tube. It will withstand great heat and severe mechanical 
damage, the insulation remaining good at very high 
temperatures and up to the point of fracture if hammered 
out flat. 

MOTORS 

The large volume of air passing through modern 
screen-protected motors necessitates frequent cleaning 
of the machines unless the air is very clean, and the most 
notable development of recent years is the increased use 
of totally enclosed, fan-cooled a.c. machines. 

In the smaller sizes the cooling is obtained by fitting 
a cowl over one end-bearing bracket, and a fan fixed on 
the shaft inside the cowl blows air over the outer surface 
of the frame, which is usually ribbed to assist cooling. 

In the larger sizes an external fan circulates air through 
ducts formed in the outside of the stator frame, and an 
internal fan circulates the internal air to ensure an even 
cooling effect inside the machine. 

There are also now available totally enclosed, fan- 
cooled d.c. motors with outputs up to 200 h.p., the 
cooling system consisting of a special cast-aluminium 
diaphragm which encloses the motor at the driving end, 
and which is itself enclosed by a bearing bracket of the 
standard screen-protected type. The bearing bracket 
at the commutator end is of the totally enclosed type. 
External and internal fans are used, the exchange of 
heat taking place through the aluminium diaphragm. 

Under very bad conditions, such as log grinders in 
paper mills, where even large air passages would get 
choked, the pipe-ventilated type of enclosure is still 
used, supplied with clean air. In dairies, where swilling 
down with hose-pipes takes place, motors are now used 
with special watertight enclosures. In gas works, chemi¬ 
cal works, and other factories where atmospheric condi¬ 
tions are very bad, special gasproof enclosures are used, 
as described earlier in this review. * 

Improvements in the design of squirrel-cage motors to 
obtain increased starting torque still continue, and 
3-phase motors are now made which give full-load 
torque at starting, when taking 1-6 times full-load 


current. Single-phase repulsion-induction type motors 
are now available which give 3 • 5 times full-load torque, 
taking 2 • 5 times full-load current at starting when 
switched direct on to the line. 

Motors subject to rapid reversal, where high starting 
^torque is also required, such as the drives for some 
modern machine tools, are a special problem. They are 
usually controlled by switching direct on to the line, 
with severe short-circuit conditions when reversing. 
A very high temperature occurs in the machine, which 
is created by motor performance, as distinct from motor 
load, and increasing the size of machine only leads to 
increase in temperature. TJxider these conditions, var¬ 
nished and babelized glass fibre has been used for 
insulation. 

Extra-high-speed motors for driving woodworking- 
machines have been developed, and a.c. motors with 
speeds up to 6 000 r.p.m. when used with frequency 
changers are now being made. Very much higher speeds 
have been obtained, and the limiting factor appears to 
be bearing design, not electrical. 

For variable-speed drives, the d.c. motor with shunt 
field control is still mostly used, but when direct current 
is not available the a.c. commutator motor is becoming 
more popular. Ward-Leonard control is also being 
adopted more frequently for drives where its inherent 
ability to give full-load torque at creeping speeds is of 
value. 

CONTROL GEAR FOR MOTORS 

The outstanding feature of motor control is the modern 
tendency to adopt automatic contactor gear, mainly to 
obviate breakdowns due to careless or inaccurate hand¬ 
ling by unskilled labour, and also because of its adapta¬ 
bility for remote control. 

Push-button-operated, contactor type, star-delta and 
direct-to-line starters for a.c. motors up to 25 h.p. are 
now produced in large quantities, at prices which compare 
favourably with hand-operated types. There is still a 
difference of opinion with regard to the respective merits 
of magnetic and thermal type overloads, although the 
latter is becoming more widely used. 

When the direct-to-line type is used and frequent 
" inching " of the motor is required, some designs are 
not satisfactory, as they are not capable of rupturing 
the short-circuit current of the motor. In recent years 
there has been much research by manufacturers into the 
design of blow-out coils and arc shields to improve the 
performance in this direction, and this problem may be 
said to have been solved by some of them. 

A new system of timing the acceleration steps of 
automatic contactor starters has been developed, utilizing 
a condenser-charge neon-tube discharge circuit. The 
neon tube is of a special rugged type and operates, in 
sequence, control circuit relays for each acceleration step. 
The timing circuit has great flexibility of adjustment 
and great accuracy, and is particular!}? suitable for 
applications in which the flywheel effect of the load 
requires longer periods of acceleration than are obtain¬ 
able with the usual types of relay. 

Another new system of acceleration control for d.c. 
starters utilizes the time taken to discharge a condenser 
connected across the closing coil of a relay which ener¬ 
gizes the accelerating contactors. The timing is adj usted 
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by varying the magnetic gap of the relay, is very accurate, 
has no moving parts, and is independent of load or 
temperature conditions. 

In order to obtain a predetermined acceleration/torque 
curve with a slip-ring type a.c. induction motor, it is 
necessary to cut out resistance in the rotor circuit at thq 
correct speeds. A new frequency relay has been deve¬ 
loped for this purpose which operates on a resonant 
circuit and is responsive to the slip frequency of the rotor. 
The relay is extremely accurate, and it is also used to 
provide a quick stop by plugging the motor at a pre¬ 
determined speed. 

Photo-electric equipment is now extensively used for 
automatic timing. operations, counting, etc., in many 
industries. The new neon capacitance timing-device 
previously mentioned is also found very useful when a 
timing limit for a given process is required, within limits 
up to 10 minutes. It is provided with a grid leak to give 
a definite time-delay action, and the delay can be modified 
by altering the value of the grid leak. 

' A new design of direct-current generator for battery¬ 


charging equipments has been developed which possesses 
novel characteristics and does not need a reverse-current 
cut-out. This design has an unconventional form of 
magnetic system, and there are no series turns on the 
pole-pieces. For charging small batteries the constant- 
potential system, which imparts a tapering charge and 
gives automatic protection against over-charging, is 
accepted as being the best practice. A normal com¬ 
pound-wound generator designed to produce a level 
voltage characteristic between no load and full load is 
not suitable for this duty without the use of a reverse- 
current cut-out, since in the event of failure of supply to 
the driving motor the generator would receive reverse 
current from the battery and either run at an excessive 
speed as a motor or stall, the heavy discharge current 
causing a reversal of polarity. In the event of a failure 
of supply to the driving motor for the new design of 
generator, the set will continue to run at approximately 
full speed, taking a small current from the battery. 
When the supply is restored, the set resumes charging 
and there is no tendency for reverse polarity to occur. 



ELECTRONIC OSCILLATIONS IN MAGNETRONS* 
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(Paper received 2Qth June, 1939.) 


SUMMARY 

The paper describes an experimental investigation of the 
oscillations produced by magnetrons. It is shown that in all 
types of magnetron valves, oscillations are possible for which 
the ratio of the product of wavelength and anode voltage to 
magnetic field has a series of discrete values given by the series 
[K: Kj2: K/3 . . . K[n 

in which K is a function of the anode diameter. Oscillations 
at frequencies corresponding to values of n up to 7 have 
been observed. In a full-anode magnetron all the oscillation 
intensities are small. For a 2-segment-anode magnetron the 
amplitude of the oscillation of lowest frequency (n = 1) is 
pronounced •*in a 4-segment-anode magnetron oscillations at 
the frequency corresponding to n — 2 are predominant, and so 
on. These oscillations all belong to the class known as 
resonance oscillations. It is shown that there is no clear 
distinction between resonance and electronic oscillations at 
very short wavelengths, and it is suggested in the paper that 
they are essentially of the same nature. 


(1) INTRODUCTION 

The magnetron oscillator as a source of high-frequency 
radiation has been known for many years, but there is 
still no completely satisfactory explanation of its very 
complex behaviour. The wavelength obtained is de¬ 
pendent on the form of the anode of the valve, the nature 
of the external circuit, the anode voltage applied, and 
the strength of the magnetic field used. Oscillations can 
be classified into a number of types according to the 
relationships which hold among these quantities. At 
present, at least three such types of oscillation are 
recognized in magnetrons.*’ 2 

(A) Electronic Oscillations. 

These oscillations occur near the so-called critical value 
of magnetic field where the anode current decreases 
rapidly with increase in magnetic field intensity. It has 
been found empirically that the product of wavelength 
(A) in centimetres and magnetic field (FI) in oersteds is a 
constant of about 11 000. 3 - 4 > 5 The frequency of electronic 
oscillations, in general, is higher than the fundamental 
resonant frequency of the smallest external circuit which 
can be attached to the valve, and the external circuit, 
which is usually in the form of Lecher wires, must be 
adjusted in length so that an overtone resonance coincides 
in frequency with the frequency of the oscillations. It is 
generally observed that the maximum amplitude of elec¬ 
tronic oscillation occurs with relatively low filament 

* Official communication from the National Physical Laboratory. 
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emission. 8 Electronic oscillations have been found in 
single- and multi-anode segment magnetrons. 

(B) Dynatron Oscillations. $ 

Near the critical magnetic field in a split-anode mag¬ 
netron a simple negative resistance condition is obtained 
suitable for the production of oscillations at the resonant 
frequency of any circuit connected across the anode 
segments. With a fixed anode voltage the optimum 
value of magnetic field is independent of the wavelength 
of oscillation. 

(C) Resonance Oscillations. 

These oscillations are similar to electronic oscillations 
.in that the frequency is dependent on the operating 
conditions of the valve, but they are found not only near 
the critical magnetic field but at all values of magnetic 
field greater than the critical value. For a given valve 
the wavelength of resonance oscillations is proportional 
to the ratio of magnetic field to anode voltage. It has 
been suggested 2 that there is no clear line of demarcation 
between resonance and electronic oscillations. 

Since the magnetron is primarily of interest as a source 
of power at very short wavelengths most investigators 
have concentrated their attention on this aspect of the 
problem. For very short wavelengths, however, all types 
of oscillations occur near the critical field, and much of the 
confusion into which the study of the magnetron has 
fallen is due to this fact. It is only when the wavelength 
is greater than about 5 metres that separation between 
the condition for the dynatron and resonance types of 
oscillation is possible. On these relatively long wave¬ 
lengths no electronic oscillations are possible and the 
resonance oscillations occur at magnetic field intensities 
much greater than the critical field, at which the dynatron 
oscillations are still obtained. 

In order to overcome the difficulties in differentiation 
between dynatron and resonance oscillations in multi¬ 
segment valves, and also to enable observations to be 
made on all the types of oscillations at approximately the 
same wavelength, the authors have made a number of 
measurements with the conditions adjusted so as to mal^e 
the oscillation amplitude in these valves as smcfflf as 
possible. In this way the range of magnetic field (the 
most common variable) over which the oscillations 
occurred was limited. The measurements were made 
on valves with a full cylindrical anode and also with 
2- and 4-segment anodes, and were directed towards 
determining the circumstances under which oscillations 
could be obtained rather than to finding the conditions 
for greatest efficiency. 
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(2) EXPERIMENTAL PROCEDURE AND RESULTS 
(a) Full-anode Valve 

The dynatron type of oscillation is not possible with a 
magnetron valve which has a single cylindrical anode, 
and it is generally assumed that only oscillations of the 
electronic type occurring near the critical field and 
satisfying the AH = constant law can be obtained with* 
such valves. 7 Experiments made at the National 
Physical Laboratory with a full-anode valve showed, 
however, that oscillations could be produced with mag¬ 
netic field intensities much greater than the critical value 

and with various values of AH. There is considerable 

♦ 


magnetic field up to the greatest magnetic field available 
and that the wavelength, in any particular case, did not 
necessarily obey relation (1). For the same magnetic 
field, oscillations at two or even three wavelengths were 
sometimes present simultaneously, the wavelengths bear¬ 
ing usually some simple relation to one another, such as 
1 : 2, 2 : 3. Results are shown in Fig. 1 in which for an 
anode voltage of 540 the wavelengths of the oscillations 
are plotted as ordinates against the corresponding values 
of magnetic field as abscissae. It will be seen that the 
oscillations occur at magnetic fields much greater than 
the critical value shown by the vertical dotted line in the 



Fig. 1.—Wavelength of oscillations of full-anode magnetron. 
V a = 640. Anode diameter = 1 cm. (nominal). 


difficulty in devising a satisfactory external circuit for a 
full-anode valve. A Lecher wire system connected to 
anode and cathode and terminated by a capacitance of 
a few micro-microfarads was tried, but it was found that 
both the wavelength and amplitude of the oscillations 
were independent of the length of the circuit. No 
observable difference was obtained by varying the posi¬ 
tions on the circuit of the points at which the H.T. 
supply to the magnetron was connected. 

The anode voltage in each series of tests was kept 
constant, and the magnetic field, provided by an electro¬ 
magnet, adjusted until oscillations were detected by 
means of a diode rectifier coupled closely to the circuit. 
Recording to the accepted hypothesis for the production 
of oscillations in single-anode-segment magnetrons these 
oscillations occur only near the critical magnetic field and 
their wavelength is such*that 

Ah = ii ooo.(i) 

It was found,* however, that for each anode voltage 
oscillations could be obtained from about the critical 


* It is of interest to note that Okabe' states he has also found oscillations at a 

t ? a P the , ° ritical value ‘ He § ives few details, however, 
ana only one experimental result. 


figure, and that the experimental points lie closely to a 
series of parallel lines given by 

A const. 

H ~ — n — : n ~ l ’ ^> 3, etc. . . (2) 

As mentioned above, oscillations at two or three fre¬ 
quencies were obtained, but usually the different oscilla¬ 
tions occurring at one magnetic field intensity could be 
differentiated by suitable adjustment of filament emis¬ 
sion. For example, with a magnetic field intensity of 
1 040 oersteds an oscillation at a wavelength of 83 cm. 
was observed with full filament current of 6 amperes; 
when the filament current was reduced to 5 - 7 amperes 
this oscillation disappeared and was replaced by an 
oscillation at 118 cm. wavelength. On further reduction 
of filament current, this oscillation ceased and, with only 
slight readjustment of magnetic field, oscillations at 
610 cm. were obtained. 

A point of considerable interest is that although the 
most careful search failed to detect any normal electronic 
oscillations complying with the condition A H => 11 000 
near the critical value of magnetic field, the line given by 
relation (2) with n == 7 cuts the line corresponding to the 
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critical field at the same point as the broken line in Fig. 1 
and given by relation (1). This result was not peculiar 
to this experiment. Although anode voltages ranging 
from 120 to 600 were used, in no case were electronic 
oscillations of the usual type observed. In all cases, 
however, where a sufficient number of oscillating con- , 
ditions were obtained to enable a series of lines to be 
drawn as in Fig. 1, the line given by n = 7 cut that 
corresponding to the critical field at the point at which 
electronic oscillations should have appeared according to 
other observers. 7 

Results similar to those shown in Fig. 1 were obtained 
with other anode voltages, the positions of the parallel 
lines altering in such a way that for a given wavelength 
the ratio of anode voltage to magnetic field intensity 
remained constant. The slope of the lines in Fig. I is 
such that for each line A [H — constant, so that as H for 
a given wavelength A is proportional to the anode voltage 
F, A VjH = constant. The values of A VjH for a series of 
anode voltages are given in Table 1; they correspond to 
the lines having respectively the maximum and minimum 
observed values of A VjH. 

Table I 


Anode voltage 

X 

Magnetic field 

XF 

H 

300 

cm. 

590 

oersteds 

560 

315 


140 

1 040 

40 

360 

500 

640 

280 


98 

840 

42 

480 

480 

820 

280 


145 

1 580 

44 

600 

580 

1 120 

310 


115 

1 600 

43 


The average maximum and minimum values of A VJH 
from this Table are respectively 296 and 42. _ The ratio 
of these two numbers is about 7, showing that for a given 
magnetic field there was a ratio of 7 in the range of 
wavelengths of the oscillations obtainable. 


(b) Two-Segment Magnetron 

Both dynatron and resonance oscillations can readily 
be obtained with a two-segment magnetron at relatively 
long wavelengths (5 metres and upwards), but at lower 
wavelengths, as pointed out above, it is difficult to 
differentiate between the two types. It has been shown 1 
that the relation between the wavelength A (cm.) of the 
resonance oscillations, the magnetic intensity ( H) in 
oersteds, and anode voltage (F) is given by 


XV 

pcPH 


430, 


(3) 


in which d is the diameter in cm. of the anode and p the 
number of pairs of anode segments (equal to unity in a 
2-segment valve). The experimental fact that the oper¬ 
ating conditions must be adjusted for each particular 


wavelength suggests that there must be some form of 
resonance within the valve, whence the name applied to 
the oscillations. Experimental evidence of this resonance 
has been given, 2 and an equivalent electrical circuit 
deduced for a magnetron in the neighbourhood of these 
resonance oscillations. The resonance found in magne¬ 
trons is similar to that observed in the case of an electronic 
oscillator of the positive-grid triode type. The electronic 
oscillations obtained near the critical magnetic field in a 
magnetron have the same characteristics as those found 
in the positive-grid triode, both being due to pronounced 
inter-electrode transit time effects. The critical mag¬ 
netic field of a magnetron "haying an anode diameter of 
d cm. is given by 


(fill 2 
V ' 


180 


( 4 ) 


This relation, combined with the empirical result 
A H = 11 000, can be combined to yield the relation 


AF 

fiB. 


61 


(5) 


It will be noted that relation (5) is of exactly the same 
form as relation (3) for resonance oscillations when p in 
the latter expression is made equal to unity, but that the 
ratio of the values of the two factors is almost exactly 7. 
It is interesting to note in passing that this number 
represents the range in value of XVjll obtained with the 
full-anode magnetron and given in Table 1. If, as 
suggested, 2 resonance and electronic oscillations are 
essentially of the same form some explanation of the 
apparent discrepancy between the two experimental 
results represented by relations (3) and (5) is required. 
The chief distinction between resonance and electronic 
oscillations in any magnetron for a given anode voltage 
is the wavelength of the oscillations, the resonance wave¬ 
length being, in general, many times greater than the 
electronic. The wavelengths used by Gill and Britton 1 
to determine relation (3) were of the order of 40 metres, 
while the wavelength of the electronic oscillations from 
which relations (1) and (5) have been derived has usually 
been of the order of 20 to 30 cm. Experiments were 
made, therefore, to determine whether the constancy of 
XVIII observed in the previous measurements at the 
longer wavelengths was maintained over the whole 
possible range of wavelengths, or was, in fact, a function 
of the wavelength of the oscillations. If the latter result 
was obtained, then in view of the previously shown 
similarity between resonance and electronic oscillations 
they could well be the same type of oscillation occurring 
at different wavelengths. 

A 2-segment magnetron was connected to an external 
circuit consisting of a variable condenser and a series of 
plug-in coils. The wave-range covered in this wa.y'yas 
from about 1-5 to 40 metres. The experimental pro¬ 
cedure was to set the circuit to the desired wavelength 
and to vary the magnetic field without alteration of anode 
voltage until oscillations were detected by means of a 
diode rectifier coupled closely to the magnetron. The 
magnetic field was then adjusted until the oscillation 
intensity was a maximum, and the filament current was 
reduced until the oscillations could just be detected. 
These two adjustments were not, in general, completely 
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independent of one another and the procedure had to be 
repeated several times before the optimum field at the 
lowest possible filament current could be determined. 
The filament current was reduced in this way so as to 
limit the amplitude of the oscillations and thus make it 
possible to differentiate between the different forms of 
oscillation by preventing any overlapping between them. 

The results of a series of measurements made in this 
way are shown in Fig. 2, from which it will be seen that 
the results are somewhat complex. The straight line A 
corresponds to the dynatron oscillations occurring near 
the critical magnetic field. Since this field is dependent 
only on the anode voltage applied to the valve and not 
on the wavelength of the oscillations, one would expect, 
as shown experimentally, the points to lie on a straight 


the resonance oscillations on curve R. If the amplitude 
of oscillation was large these two maximum output con¬ 
ditions merged into one at an intermediate value of mag¬ 
netic field. There appears to be no doubt, however, that 
the value of A VJH for resonance oscillations with a given 
valve does decrease with decrease in wavelength. 

Results similar to those plotted in Fig. 2 have been 
obtained with a number of anode voltages and with 
various angles between the valve axis and the direction 
of the magnetic field. In each case the same general 
type of curve was obtained, the effect of an increase in 
tilt being to lessen somewhat the curvature of the 
A/(A V/H) curve at short wavelengths. 

In Fig. 2 the magnetic fields required for dynatron and 
resonance oscillations are shown; experiments were also 



line passing through the origin. In addition to the line A 
a number of other straight lines radiating from the origin 
were obtained. These lines represent oscillations which 
occur at certain values of magnetic field greater than the 
critical value but which appear to be of the dynatron 
type since the wavelength corresponds to the funda¬ 
mental frequency of the external circuit, and the mag¬ 
netic field at which they occur is independent of the 
wavelength. The resonance oscillations are shown by 
the curve R from which it is evident that although the 
value of A VJH is a constant for the longer wavelengths it 
deceases gradually for low values. At the shortest 
wavelength it was difficult to differentiate between 
dynatron and resonance oscillations, since a very small 
change in the current in the magnetizing coils was 
sufficient to alter the oscillating condition from one form 
to the other. By keeping the filament current small 
however, it was usually possible to distinguish two peaks 
of oscillation output as the magnetic field intensity was 
changed. One maximum output condition corresponded 
to the dynatron oscillations on line A and the other to 


made to determine whether, in addition to these, unclassi¬ 
fied oscillations could be obtained at any wavelength at a 
magnetic field greater than that required for resonance 
oscillations at that wavelength. Such oscillations were 
found, although their amplitude was in general extremely 
small The wavelengths of the oscillations are shown in 
tig. 3 plotted as ordinates against the corresponding 
magnetic fields as abscissae for an anode voltage of 600. 
The curve for the usual type of resonance oscillations 
again shows a decrease of A VJH with diminishing wave¬ 
length for small values of the latter. Lines, similar to 
those shown m Fig. 1 for the single-anode valve corre¬ 
sponding to values of A V/H equal to i, l 1 l and A 0 f 
the final magnitude of that quantity for long-wavelength 
resonance oscillations, have been drawn in the Figure. 

. seen 'that there is a distinct tendency for the 
oscillations to lie on these lines. It is of special interest 
to note that the electronic oscillations (AH = 11 000) 
occurred on the one-seventh line. This raises the possi¬ 
bility that for these weak oscillations, of which the 
electronic may be a special case, the 2-segment valve 
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behaves in the same manner as a full-anode valve. The of values close to 11 000, especially at high anode 
values of A V/H for the top lines in Figs. 1 and 3 are potentials. In addition, a few scattered values of about 
respectively 280 and 450. The valves had each a 6 000 were noted at low voltages as reported by Okabe, 9 
nominal diameter of 1 cm., but the measured critical and values of 22 000 also occurred. 

magnetic fields were such that the ratio of the effective (2) The wavelength with any particular valve did not 

diameters was actually 1 • 18. Assuming in accordance vary smoothly with anode voltage. Certain definite 

with (3) that A V/H is proportional to the square of the wavelengths would appear with two or three different 
anode diameters, (450/280 )& should be equal to 1*18. values of anode voltage and then be replaced by other 
Its actual value is 1*27, which is near enough to 1-18 widely different wavelengths. This effect has been 
to give support to the hypothesis that the series of values observed also by other workers.* 5 

of XVJH in both full-anode and 2-segment-anode valves (3) Oscillations obeying the electronic law XH = 11000 

are identical for valves of the same dimensions. were not confined exactly to the critical magnetic field 

Ihe results shown in Figs. 2 and 3 establish that the but occurred at field intensities both greater and smaller 



Magnetic field, oersteds 


Fig. 3. —Wavelength of oscillations of 2-segment-anode magnetron. 

V a = GOO. Anode diameter = 1 cm. (nominal), 
x X Strong oscillations, 

O O Weak oscillations. 


value of A V/H for resonance oscillations, which is constant 
for wavelengths greater than 5 metres, decreases with 
wavelength down to the lower limit of the latter deter¬ 
mined by the smallest circuit which can be connected to 
the valve. A further comprehensive series of tests was 
made on a 2-segment-anode magnetron in order to 
determine its behaviour at still shorter wavelengths with 
a special view to finding the relation, if any, between 
resonance and electronic oscillations. For this purpose a 
Lecher wire circuit was used as the external circuit and 
the conditions for oscillation were noted with various 
lengths of circuit at a series of anode voltages between 
60 and 2 000. 

The experimental results may conveniently be sum¬ 
marized as follows:— 

(1) The value of A H was found to vary considerably, in 
general over a range 8 000 to 14 000, with a preponderance 


than that field. At high anode voltage the electronic 
oscillations occurred usually at magnetic fields about 
20 % in excess of the critical field. 

A list of observations made with a 2-segment I cm. 
diameter anode valve, illustrating some of the points 
enumerated above, is given in Table 2. The results given 
in the Table have been so selected that with one or two 
exceptions the product of wavelength and magnetic field* 
was very roughly equal to 11 000. * 

In all the above results the value of the observed 
magnetic field which corresponded to maximum ampli¬ 
tude of oscillation was subject to an error of about 10 %. 
The filament current was, in general, considerably below 
that for full emission, and showed a fairly pronounced 
optimum value for each oscillation. 

Most of the oscillations recorded in Table 2 are such 
that the value of XH is so nearly 11 000 that they would 
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be classed as electronic oscillations. It will be noted, 
however, that the magnetic field at which they occurred 
was sometimes less and sometimes greater than the 
critical field calculated from the diameter (1 cm.) of the 
anode. A number of static characteristics of anode 


Table 2 


Anode 
volts V 

Wave¬ 
length A, 
cm. 

Critical 
magnetic field 
[ff # -V(180P)] 

Observed 
| field H 

A E 

\F 

E 

60 

180 

105* 

60 

11 000 

180 


67 

< 

82 

5 500 

49 

120 

136 

145 

95 

13 000 

170 


88 


105 

9 300 

100 


63 


170 

10 700 

44 

180' 

64 

180 

160 

10 200 

72 


38 


190 

7 200 

36 

240 

60 

210 

186 

11 000 

77 


39 


270 

10 500 

35 

300 

65 

230 

210 

14 000 

93 


39 


270 

10 500 

43 

480 

29 

295 

370 

11 000 

38 

600 

29 

330 

370 

11 000 

47 

1 100 

21 

445 

540 

11 500 

43 

1 500 

19-5 

520 

600 

12 000 

49 


15-5 


700 

11 000 

33 

1 800 

14-5 

570 

780 

11 500 

34 


current against magnetic field were taken and these 
showed that the magnetic field calculated from relation 
(4), viz. H 2 = 180 V, always lay on the steep portion of 
that characteristic and was a reliable indication of the 


critical field. Certain of the oscillations given in Table 2 
occurred, therefore, at magnetic fields appreciably dif¬ 
ferent from the critical value. In Fig. 4 the value of 
A V/H given in Table 2 is plotted against the ratio of the 
actual to critical magnetic fields. It will be seen that 
there is a continuous variation in the magnitude of A VfH, 
and that when the actual field equals the critical field 
the value of A V/H is approximately 60 as noted in 
relation (5). 

The tendency for electronic oscillations to be confined 
to a limited number of wavelengths is brought out in 
Table 3, in which the observed wavelengths recorded in 
Table 2 are given in the first column. 

The Table also shows that the ratio of any two con- 


Table 3 


Observed wavelength, 
cm. 

s 

15 X 2 S/2 

15 

0 

15 

21 

l 

21 

29 

2 

30 

39 

3 

42 

62 

4 

60 

88 

5 

85 

136 

6 

120 

180 

7 

170 


secutive wavelengths was approximately equal to 
The practical importance of the results emphasized in 
Table 3 is that electronic oscillations tend to occur at 
discrete wavelengths, and that no adjustment of mag¬ 
netic field or anode voltage will enable a continuous 
adjustment of wavelength to be made over any con¬ 
siderable range. It should be pointed out that this dis¬ 
continuity in wavelengths was obtained only for wave¬ 
lengths so short that the external circuit was not resonant 
at its fundamental frequency. The series of wavelengths 
of oscillations given in Table 3 should not be confused 
with the so-called higher-order electronic oscillations re¬ 
ported by Groos 5 and other workers. The product of 
wavelength and magnetic field for these oscillations in a 



Fig. 4.— Ratio of actual H to critical H, plotted against AV/H for electronic oscillations 
AH ~ 11 000 for 2-segment-anode magnetron with anode voltages 60-1 800. 
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2 -segment-anode magnetron has a series of discrete values 
greater than 11 000. The oscillations given in Table 2 
were obtained for a wide range in anode voltages and 
magnetic fields but were all such that the product of 
wavelength and magnetic field intensity was approxi¬ 
mately 11 000. The higher-order electronic oscillations, 
on the other hand, are such that that product has a series 
of values. These higher-order electronic oscillations were 
observed but they did not agree closely with the formulae 
given by Groos. 



0 100 at/ 200 300 

Values of ~jf 

Fig. 5.—Wavelength plotted against XVjH for 2-segment- 
anode magnetron: resonance and electronic oscillations. 

Y a = BO-1 800; A in cm., V in volts, H in oersteds. 

X X Resonance oscillations. 

« • Electronic oscillations (AEf 11 000). 


in dimensions to that used in the above experiments Gill 
and Britton determined the magnitude of A V/H to be 
approximately 400 for resonance oscillations. As the 
value of A VfH in Fig. 5 decreases continuously with 
decrease in wavelength from about 400 to 30-40 for 
, oscillations which obey the electronic law \H = 11 000, 
there would appear from the experimental results to be 
no essential difference between these two types of 
oscillation. 

(c) Four-Segment Magnetron 

A number of measurements similar to those described 
above were made with a 4-segment-anode valve having 
the same nominal aimensions as the full-anode and 
2 -segment-anode valves used in the earlier experiments. 
As is common practice with multi-segment valves, alter¬ 
nate segments were connected together within the valve 



Fig. 6.—Wavelength plotted against XV/H for 4-segment- 
anode magnetron. A in cm., V in volts, H in oersteds. 


xx v = 180 volts. 
• • V = 300 volts. 


Electronic oscillations of longer wavelength fall into the 
region in which resonance oscillations occur. This is 
shown in Fig. 5, in which the value of A V/H is plotted 
against A for a large number of oscillations obtained with 
a 2-segment valve at a series of anode voltages varying 
from 60 to 2 000. The resonance oscillations are shown 
by crosses, while those oscillations fop which AH =11 000 
± 3 000 are shown by dots. It will be seen that both the 
sets of points lie on a smooth curve and that they overlap 
in wavelength. The dots represent oscillations which 
would be termed electronic, while the crosses correspond 
to resonance oscillations. For a 2-segment valve similar 
Vol. 86. 


envelope. With the 4-segment valve the tendency to 
produce dynatron oscillations was much less pronounced 
than with the 2-segment valve. This characteristic^ the 
4-segment valve allowed a fuller investigation of the con¬ 
ditions required for the production of short-wave reson¬ 
ance oscillations. This could not be done so easily with 
the 2-segment valve, in which dynatron and resonance 
oscillations of short wavelength occurred under closely 
similar conditions. A Lecher wire circuit was used in 
this case so that overtone resonances of the external 
circuit would allow of very short-wavelength oscillations 
being produced. The results obtained with the 4-segment 

19 
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valve are given in Fig. 6. Considerable difficulty was 
experienced at the longer wavelengths owing to the varia¬ 
tion of the optimum value of magnetic field for a given 
wavelength with the setting of filament current. An 
increase in filament current produced at least an equal 
percentage increase in the value of the optimum magnetic 
field. Since the minimum filament current for which 
oscillations could be maintained tended to increase with 
wavelength, this resulted in a distinct tendency for the 
observed value of XV/H to decrease with increase in 
wavelength above about 10 metres. The results given in 
Fig. 6 were obtained with the oscillation amplitude as 
small as possible. They £ye*similar to those found for the 


similar to those described above on a 2-segment valve, 
to see whether oscillations other than the normal dynatron 
or resonance types could be obtained. The results of 
these experiments are shown plotted in Fig. 7. It will 
be seen that although most of the points lie near the 
curve which coincides asymptotically with the straight 
line given by XVJH — 190, a number of oscillating con¬ 
ditions were obtained for which the value of A VJH was 
approximately 400. This latter value is similar to that 
found in the case of the 2-segment valve and also, in fact, 
coincides with the maximum value of XVJH obtainable 
with the full-anode valve when correction is made for the 
difference in apparent diameters of the two anodes. The 



Fig. 7. Wavelength of oscillations of 4-segment-anode magnetron. 

V a = 300 volts. Anode diameter 1 cm. (nominal) 
x x Strong oscillations. 

O O Weak oscillations. 


2-segment valve, the value of XVJTI decreasing gradually 
as the wavelength of the oscillations decreases. The 
maximum value of A V/H is about 200 instead of 400 as 
in the case of the 2-segment valve of similar dimensions, 
thus corroborating relation (3). 

JJThe shortest wavelengths plotted in Fig. 6 are of the 
electronic type, and the same continuity between 
resonance and electronic oscillations as was found with 
the 2-segment valve is apparent. The electronic region 
was not investigated in as much detail as with the 
2 -segment valve, but a general similarity of behaviour 
was evident. A number of cases occurred in which the 
value of XH was about 7 000 and one wavelength persisted 
over a range of voltages, although in not so pronounced 
a manner as with the 2-segment valve. 

Experiments were also made on a 4-segment valve. 


dots shown in Fig. 7 correspond to weak oscillations. It 
will be seen that they lie approximately on the lines given 
by XV/H — 380 /n. These values of A V/H are the same 
as those found for both 2- and single-segment valves 
of the same anode diameter. The results suggest, there¬ 
fore, that both the 4- and 2-segment valves may act as 
single as well as multi-segment valves. This is not 
surprising when it is remembered that in the case of the 
full cylindrical-anode valve the external circuit appeared 
to have little or no effect on the wavelength of oscillation. 

■ 9 

(d) Relation between Wavelength of Resonance 
Oscillation and Anode Current 

The experimental results given above show that the 
factor XVJH is a constant for large magnetic fields and 
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decreases when for a given anode voltage the magnetic field 
and wavelengths are reduced. A V/H is a constant, there¬ 
fore, over those parts of the anode-current/magnetic-field 
characteristic corresponding to small anode current, and 
the curved portions of the A VfH curves in Figs. 3 and 7 
are confined to regions near the critical magnetic field for 
which the static anode current varies rapidly with change 
in magnetic field. It was considered that the variation 
in A V/H might be related directly to the static anode 
current. The static characteristic connecting the anode 
current i with the magnetic field H was measured for 



Fig. 8 .—Static anode current plotted against wavelength for 
2- and 4-segment-anode magnetrons. 

•o 2-segment. X X 4-segment. 


each experiment with a filament current sufficiently 
small .to avoid oscillations. From the results obtained 
in this way it was possible to approximate to the static 
anode current appropriate to each wavelength of oscilla¬ 
tion by determining the anode current corresponding to 
the magnetic field for maximum oscillation output. 
Typical results relating the wavelength to the static anode 
current are given on a logarithmic scale in Fig. 8. It will 
be noted that over a large range of wavelengths the 
experimental points for both 2- and 4-segment valves lie 
closely to the straight lines given by 

A H — constant . . . . . (6) 


The experimental results which do not agree with this 
relation correspond to points on the anode-current/mag¬ 
netic-field characteristic where the anode current varies 
too rapidly with magnetic field intensity for the appro¬ 
priate anode current for each magnetic field intensity to 
be accurately determinable. It is interesting to note that 
Gill 10 obtained an exactly similar relation to equation (6) 
above, between the wavelength of electronic oscillations 
in a positive-grid triode and the grid current. This addi¬ 
tional similarity between electronic oscillations in triodes 
and resonance oscillations in magnetrons strengthens the 
hypothesis that the two types pf oscillation °are essentially 
the same. o 

Linder 11 has recently published theoretical formulae, 
supported by experimental results, which differ con¬ 
siderably from equation (6). The experimental results 
obtained by the authors, however, did not agree with 
Linder’s theoretical formulae nearly so closely as with 
the purely empirical relation given above. 

(e) Effect of Tilt 

Most workers on the magnetron are agreed that the 
angle between the magnetic lines of force and the elec¬ 
trode axis is of importance for optimum conditions of 
oscillation and is not in general zero. 3 > 7 There is not the 
same agreement, however, as to the circumstances under 
which this tilt becomes advantageous or even essential. 
The experiments described above were conducted with 
angles of tilt ranging up to about 7°. The effect of tilt 
was not, in general, simple, and did not always repeat 
as between two valves nominally identical and working 
under the same conditions. The main effect of tilting 
the valve seemed to be a broadening of the range of 
magnetic field over which oscillation took place, possibly 
because the static anode-current/magnetic-field charac¬ 
teristic curve slopes less steeply when the valve axis 
makes a small angle with the direction of the magnetic 
lines of force. Thus an oscillation which required a setting 
of magnetic field current accurate to i 5 % when the 
valve had zero tilt might be maintained with a range of 
magnetic field current of, say, ± 20 % when the valve 
had a small tilt. 

(3) DISCUSSION OF RESULTS AND 
CONCLUSIONS 

The experimental analysis of the behaviour of the 
magnetron as a short-wave oscillator is extremely com¬ 
plicated owing to the large number of factors controlling 
the amplitude of the oscillations and also their wave¬ 
length; the last-named, in some cases, is determined by 
a combination of the anode voltage, magnetic field, the 
angle of tilt which the valve axis makes with the direction 
of the magnetic field, and the external circuit. One valvp 
may show a marked tendency tb oscillate at some particu¬ 
lar frequency determined, by, say, the length of lead 
from anode to seal, which has apparently little effect in 
a second nominally identical valve. Even if only one 
type of oscillation was produced by the magnetron a 
complete tabulation of its properties would be a formid¬ 
able task as the optimum condition for each oscillation 
depends on the appropriate adjustment of all the factors 
controlling the oscillations, and they can never be deter¬ 
mined with any great accuracy. As the magnetron can 







292 McPETRIE & FORD: RESONANCE AND ELECTRONIC OSCILLATIONS IN MAGNETRONS 


be used to produce oscillations of two or three different 
types, sometimes simultaneously, an entirely satisfactory 
explanation of its behaviour determined empirically may 
be impossible. 

The authors have not attempted to produce any 
hypothesis for the production of oscillations in the mag# 
netron, but have confined themselves intentionally to an 
analysis of the results obtained in a large number of 
experiments. The following facts can be derived from 
this analysis. 

(a) A full-anode magnetron can oscillate at a number of 
wavelengths with magnetic fields considerably greater 
than the critical value. «0The wavelength of these oscilla¬ 
tions is almost independent of the external circuit, and 
the quantity A V/H may have any value given by K, 
Kj2, K/3 . .. Kjn. For a valve having an anode diameter 
of 1 cm., K will have a value of about 400. Sometimes 
oscillations at two distinct wavelengths occur for the 
same magnetic field. These oscillations must all be re¬ 
garded as of the so-called resonance type. 

(b) Weak oscillations similar to those for the full-anode 
valve are found in multi-segment magnetrons. Pre¬ 
sumably the valve acts as a single-segment magnetron 
under these conditions. 

(c) With multi-segment valves the resonance oscilla¬ 
tions of largest amplitude are those for which A V/H is 
approximately 1/p times the maximum value of A V/H 
for a similar-dimensioned valve having a full anode, 
where p is the number of pairs .of anode segments, e.g. 
for a 1 cm. diameter valve A V/H for maximum oscillation 
amplitude is 400 and 200 for 2- and 4-anode-segment 
valves, respectively. 

(d) The value of A V/H for the main resonance oscilla¬ 
tions on a multi-segment valve decreases from a constant 
value at the longer wavelengths to a considerably lower 
value at the shortest wavelengths possible with this type 
of oscillation. 

a ( e ) Electronic oscillations obeying the law A H =11 000 
may occur at magnetic field intensities both greater and 
less than the critical field. 

(/) The value of A V/H for electronic oscillations in¬ 
creases with the wavelength of oscillation, becoming the 
same as that for resonance oscillation at a common 
wavelength. 

( g ) A continuous variation of wavelength of electronic 
oscillations with voltage does not occur. 

(h) The product of the square of the wavelength of 
resonance oscillations and the static anode current is 
constant over a considerable range of wavelengths. 

(j) The investigation shows that the electronic and 
resonance types of oscillation are essentially the same or 
that the electronic oscillation is only a special case of 
resonance oscillation. 

The ability of the multi-segment magnetron to act 
simultaneously as a. single-segment-anode valve and, 
therefore, to give rise to a series of wavelengths of oscilla¬ 
tion for one setting of magnetic field may account for the 
experimental observation that the output from a mag¬ 
netron, although periodic, is seldom in the form of a 
sine wave. 

Gill and Britton 1 have put forward the hypothesis that 
the resonance oscillations found in multi-segment mag¬ 
netrons are due to a precession of the electrons within the 


valve set up by a combination of the static electric field 
between the filament and anode, the magnetic field, and 
the alternating potential between the anode segments due 
to the oscillations. The results described in the paper 
show that the same resonance oscillations occur both in 
single- and multi-segment anode valves having similar 
dimensions, but that by dividing the anode into a number 
of segments certain types of these resonance oscillations 
become predominant. As these resonance oscillations 
occur in a full-anode magnetron, it would appear that the 
precession of electrons occurs even in the absence of any 
alternating component of electric field between the seg¬ 
ments of the magnetron, but that the effect becomes more 
pronounced on division of the anode into a number of 
separate segments. 
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SUMMARY 

The possibility of using the anode current to excite addi¬ 
tional coils on the electromagnet of a magnetron oscillator and 
thus control the magnetic field is discussed, and a description 
given of experiments made with such an arrangement. The 
direct connection, in which the anode current assists the mam 
magnetizing current, is shown to be of doubtful value; but the 
differential connection, in which the anode current opposes the 
main magnetizing current, when used in conjunction with a 
series resistance in the anode circuit, is shown to possess 
advantages as a generator of resonance oscillations. The 
number of turns on the coils and the magnitude of the series 
resistance cgn be so adjusted that the quotient of anode 
voltage to field intensity is approximately constant over the 
range of oscillation, which improves the operational stability 
and is likely to improve the frequency stability. The danger 
of the anode becoming overheated if a sudden reduction of the 
load on the valve takes place is also removed. 


until the magnetic field reaches the required optimum, 
when the amplitudes of oscillation and anode current are 
maxima. The way inywhich the anode current supplied 
to the valve varies with the current in the coils of the 
electromagnet gives, therefore, a useful indication of the 
behaviour of the magnetron. A discussion of this, in 
the region of oscillation, is consequently given below for 
the cases of magnetrons with simple, direct compound, 
and differentially compound electromagnets, before going 
on to describe the experimental results obtained. 

(2) RELATIONSHIP BETWEEN MAGNETIZING 
CURRENT AND ANODE CURRENT WITH 
RESONANCE OSCILLATIONS 

(a) Simple Electromagnet 

The relationship which exists between the exciting 
current of the electromagnet and the anode current of 
a magnetron valve oscillating in the resonance condition 


(1) INTRODUCTION 

The magnetic field of a magnetron oscillator is com¬ 
monly provided either by a permanent magnet or by an 
electromagnet energized by a direct-current supply inde¬ 
pendent of those of the anode or filament of the valve. 
In the former case the desired oscillation conditions are 
obtained by adjusting the anode voltage, while in the 
latter case either the anode voltage or the magnetic field 
may be adjusted. The use of an electromagnet conse¬ 
quently increases the flexibility of an oscillator at the 
expense of a decreased overall efficiency, and is generally 
preferable if the oscillator is to be used at a number of 
frequencies,• although adjustable permanent magnets 
are sometimes used. 

When an electromagnet is used the possibility arises of 
using either the filament or anode currents of the valve to 
provide all or part of the magnetic field necessary for the 
operation of the oscillator. The work to be described 
was undertaken to determine whether the anode current 
can usefully be employed partially to control the mag¬ 
netic field when the valve is oscillating in the resonance 
condition, with which wavelengths of 40 cm. and upwards 
are obtainable. For the resonance type of oscillation the 
condition XV/H = a constant]' must be satisfied, so that 
the prospects of improving the performance by this means 
seemed worth while investigating. 

Oscillations in an electromagnet type of magnetron are 
generally obtained by adjusting the magnetizing current 
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-j- Where A = wavelength of oscillation, V — anode voltage, 27 magnetic 

field. 



pig. I.—Relation between exciting current of simple 
electromagnet and anode current of magnetron. 


is shown diagrammatically in Curve l of Fig. 1. As the 
magnetic field is increased the valve begins to oscillate 
weakly at a condition corresponding to the point A and 
the anode current commences to rise; as the field is 
further increased an optimum is reached at 33, wheie the 
anode current and amplitude of oscillation are at maxima, 
after which a still further increase of the field causes the 
oscillation to weaken, with diminishing anode current 
until the point C is reached, when oscillation ceases. 
When the field is decreased from a value greater Than C 
the cycle of events is similar in the reverse direction. 

If a magnetron valve is used under conditions of 
maximum output a sudden decrease of load is liable to 
cause an increase in the oscillatory voltage with excessive 
anode heating; or secondary emission due to filament 
bombardment may cause the valve to become unstable, 
with disastrous results. A series resistance is, therefore. 


[ 293 ] 





M4 FORD: A MAGNETRON OSCILLATOR WITH A COMPOUND FIELD WINDING 


* y mserted m the anode circuit; this prevents the 

vZf nl Vl r ° m re f hUlg a dangerous value b y absorbing 
2£L C if J he “PP ] y volta & e - Curve 2 of Fig. 1 shows the 
Sect of such a resistance on the action of the valve on 
the assumption that the supply voltage has been increased 
to bring the anode voltage to the same value as for 

i thS ° ptimiim os cillation condition is 

established The value to which the field current must 
be brought before oscillations begin is increased from A 
? n< l® the anode voltage with small anode currents 
is greater than before, but the curve rises more steeply to 
its maximum value, which again occurs at B. The decay 
o oscillations as the magnetizing current is further 
increased is delayed, owin£ to the rise in anode voltage 
as the anode current falls, until oscillations finally cease 

(b) Direct compound electromagnet 

When the anode current of the valve is passed through 

r ^ e ectl ' oma & ne t in the direction which increases 
the field due to the current in the main magnetizing coils * 
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anode and main magnetizing currents is shown diagram- 
matically in Fig. 2. 6 

(c) Differential compound electromagnet 

In addition to the possibility of using the anode current 
o energize field coils on the electromagnet and thus 
provide part of the required magnetic field, the anode 
current may be passed through the coils in the opposite 
direction, reducing the total magnetic field to a lower 
value than that obtained with the normal magnetizing 
winding only. Since a series resistance in the anode 
circuit causes the anode voltage to be a minimum when 

,, e ^ ent .f a maximum ’ and differential connection of 
the field coils carrying the anode current will cause the 
total magnetic field to be a minimum when this current 
is a maximum (the main magnetizing current remaining 
unaltered), suitable proportioning of the series resistance 
and the number of turns on the field coils will cause the 
quotient VJH to remain constant over the whole range of 
anode current within which oscillation occurs. Resonance 
oscillations require a constant quotient of VJH, so that 


Flg ' 3 ;~!i® 1 , a Q ti ( ? f n b etv f een anode and main magnetizing 
rrents of direct compound electromagnet. 

the effect is similar to that of series resistance in the anode 
circuit. In the one case the anode current increases the 
value of H, and in the other it decreases the value of V 

so that the effect on the quotient VJH is the same in 
both cases. 

An interesting possibility occurs if the anode current is 
passed both through coils on the magnet and through a 
senes resistance. As explained in the previous Section, 
the effect of the series resistance is to increase the value of 
mam magnetizing current at which oscillation begins and 
this will outweigh the tendency of the additional coils 
o increase the magnetic field, since immediately before 
oscillation the anode current is relatively small Con¬ 
sequently, when oscillation begins the rapid rise in anode 
current may increase the magnetic field to a greater value 
than that suitable for maximum oscillation, which would 
hen be attainable by making a reduction in the main 
fiCld current. A decrease of the main field current below 
the value necessary to bring the anode current to its 
maximum value must then cause an abrupt cessation of 
oscillation, since any decrease in anode current produces 
a reduction in magnetic field which in itself further 
decreases the anode current. The connection between 

Messrs. Marconi, Ltd., and A. W. Ladner, 1934. uebcnoea "latent No. 421652, 
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Fig cu 3 ;r7ms I of ti rl5fi et TT anode and main magnetizing 
urrents of differential compound electromagnet. b 

this arrangement appears likely to have advantages in 
securing both stability of operation and greater constancy 
of frequency of the oscillations generated. 7 

mce the effect on the behaviour of the valve of the 

thG Ctoit tends to 6 be the 

betwppn f h f f SSneS resistance , the probable curve 
, b w e i- an0de CUrrent and main ma gnetizing current 

?oTtSnr ticaI ! y i 1 Fig - 3 - wm be 

Z m Jr PlS e ectroma o net magnetron, with 

he values of mam magnetizing current increased. 

(3) experimental results 

of~H e fi tS i r r l made ° n the possible arrangements: 
of magnetic field system described above, using 4 valves. 

tions on7n7 4 ~ Segme i nt an i 0de ’ t0 giVS resonance oscilla- 
ofAfield1 tre 1 wavelengt] i- The general arrangement 
of field and anode circuits was as shown in Fig 4 The 

Sts MO^sofNo^S WG 6 0On8btad ° f 

non.: c Us 

Tte nZT e C rV nt Pa f ed ' Naced 

T °i°P erati “ required a field! 
current of 3 amperes when the anode voltage and current 

were about 2 000 volts and 150 milliamperes respectively 
Consequently, with 5 000 ohms in series with the anode- 
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and the current flowing in the additional coils in opposi¬ 
tion to the main current, it was necessary to increase the 
supply voltage to about 2 700 volts and the main field 
current to 4 amperes. The percentage reduction in mag¬ 
netic field due to the anode current coils was, therefore, 
approximately equal to the percentage reduction in anode 
voltage due to the drop in the series resistance. The 
oscillatory circuit consisted of a Lecher wire system 
bridged at a point about 60 cm. from the anode seals of 
the valve. With this circuit oscillations of about 40 cm. 
and 3-5 metres, as well as 1 metre, could be obtained by 
suitable adjustment of magnetic field. The load used 
was a de-capped 100-watt carbon-filament lamp which 
could be applied at any point on the circuit. 

Experiments were made on each valve, at 1 metre 
wavelength, with the field system used first as a simple 
electromagnet, the coils AA being disconnected, and then 



with the anode current flowing through these coils both 
in the direction to assist and to oppose the main mag¬ 
netizing current in the coils MM. 

(a) Simple electromagnet 

The behaviour of the oscillator was quite normal, as ' 
outlined in Section 2(a), Fig. 1, curve 2. Oscillation com¬ 
menced weakly, built up to a rather blunt maximum, and 
decreased relatively slowly as the magnetizing current 
was increased through the range over which oscillation 
occurred. The magnetizing current, Ii.T. supply, anode 
current and power output in the lamp load were noted 
with the magnetic field adjusted for maximum output. 
It was found generally that removing the load left the 
anode current unchanged, or even slightly increased, with 
a marked increase in anode heating. This effect would 
occasionally occur, apparently owing to some chance 
variation, without any actual movement of the lamp 
serving as a load; that is, the lamp would go black and 
the valve anode brighten without any considerable change 
in anode current such as would occur if oscillation ceased. 
Some tim es, however, oscillation ceased completely with 
removal of the load, and in such cases could only be 
started again by readjusting the magnetic field. The 
stability of operation appeared to be quite good, but no 
run of greater than half-hour duration was attempted, 
since it was inadvisable to leave the set unattended owing 
to the danger of increased anode heating with a chance 
decrease in load. . 

(b) Direct compound electromagnet 

The previous experiments were repeated with the 
anode current flowing through the additional coils in the 


direction to assist the main field. It was found that 
oscillations could be obtained more readily if the main 
magnetizing current were reduced from too high a value 
than if it were increased from too low a value. In the 
latter case the behaviour was as outlined in Section 2(b), 
and a decrease of main magnetizing current from the 
value at which oscillation commenced caused an increase 
in output. The output increased as the magnetizing 
current was reduced, and then oscillation ceased abruptly 
at about the same output as previously obtained under 
similar conditions with the simple electromagnet, when 
the efficiency and the value of XV/H were also sub¬ 
stantially the same as before. The effect of removing the 
load was almost invariably^to cause oscillations to cease, 
which made it'diffici?lt to adjust the load to the optimum 
position on the circuit. The stability, as judged over 
relatively short periods, was good, provided that the field 
was adjusted to above the optimum value so that the 
output was appreciably below the maximum. Such 
adjustment did not involve any considerable loss in valve 
efficiency. When oscillating under these conditions a 
small decrease in anode current will decrease the mag¬ 
netic field, and thereby tend to increase the anode current, 
and vice versa. Thus good stability is to be expected 
under these conditions. There was a tendency with 
some valves for a second peak of output to occur in this 
region with about two-thirds of the maximum output. 
It was not very pronounced, and when it occurred the 
combined magnetic field due to the coils A and M was 
almost the same for the two maxima. 

(c) Differential compound electromagnet 

The previous experiments were repeated with the 
anode current flowing through the additional coils in the 
direction opposing the main field. Oscillation started 
rather abruptly at almost maximum output when the 
main magnetizing current was increased to the necessary 
value, and disappeared almost equally abruptly when the 
current was further increased to a value about 10 per cent 
greater than that at which oscillation had begun. When 
the main magnetizing current was on the low side of the 
optimum value there was a marked tendency to instability 
of anode current, both when oscillations were just starting 
and just on the point of ceasing. This tendency was 
much less marked when the main magnetizing current 
was greater than the optimum value. 

When the load was removed the anode current dropped 
to about one-half of its previous value, rising again to its 
full value when the load was replaced. This effect 
occurred with each of the four valves used in the experi¬ 
ments and is of the greatest value. The output and 
efficiency seemed somewhat greater than were obtained 
when using a simple electromagnet, but this may have 
been due to the ease with which the load could be adjusted 
to its optimum position in the circuit, and to the Tendency 
of the magnetron to adjust itself automatically to maxi¬ 
mum output with this connection. The stability was very 
good. For the first hour or so after switching on an 
occasional adjustment of the resistance in the main 
magnetizing circuit was necessary to compensate for the 
temperature rise in the field coils and maintain the 
current constant, but when thermal equilibrium was. 
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reached the oscillator ran completely unattended for 
periods of an hour or more without any noticeable alter¬ 
ation in output. Experiments were not extended over a 
longer period than two hours, but there seems no reason 
to anticipate that, given constancy of supply voltages, 
the oscillator would not continue to run indefinitely. 

The results obtained on one of the four valves used in 
the experiments described above are given in the Table. 
It was a 4-segment valve with an anode diameter of 1 cm. 
and length of 2 • 5 cm.; the supply voltage was 2 500, and 
5 000 ohms were inserted in series with the anode The 
wavelength was I metre. 

(4) DISCUSSION Olf RESULTS, AND 
CONCLUSIONS 

A magnetron oscillator with a compound field winding, 
connected so that the anode current increases the mag- 


WITH A COMPOUND FIELD WINDING 

whole range of oscillation, and output remains almost 
constant at its maximum value over this range. Removal 
of the load usually leads to a drop in anode current with¬ 
out in ten uption of the oscillations; there is thus complete 
protection against the danger of the valve overheating 
in these circumstances while the full oscillations are 
.resumed when the load is restored. 

_ There remain to be considered two disadvantages not 
directly connected with the oscillator as such. The re¬ 
sistance of the compound field coils must be appreciable 
(in the magnet system described it was 1 000 ohms), and 
consequently there is a difference of potential between 
the negative H.T. supply and the filament of the valve. 
There is also an increased power consumption, both in 
the anode circuit and main field circuit, which was nearly 
200 watts in the experiments described. The drop in 
overall efficiency thus caused is not, however, of very 


Table 


Connection 

Magnetic field, oersteds 

Anode 

Output, 

watts 

Efficiency, % 

Main coils 

Anode coils 

. Total 

Current (mA) 

Volts 

Simple 

Direct compound 

Differential compound 

AT'T'l. r ■, 

1 000 
6S0 

1 270 

0 

320 

3S0 

1 000 

1 000 
890 

150 

120 

140 

1 750 

1 900 

1 800 

70 

60 

70 

27 

26 

28 


A/F 

U 


175 

190 

200 


■LW 0 ..C.—me xuur vaives used snowed 
presumably to differences in construction. 


netic field, possesses the disadvantages that its maximum 
output occurs under conditions such that either a slight 
decrease in magnetic field or removal of the load will, in 
most cases, bring about a cessation of oscillation. This 
tendency to stop oscillating with removal of the load is 
at the same time an advantage, since the valve is thus 
completely protected against the danger of overheating 
which frequently occurs with a simple magnetron under 
these circumstances. Thus a direct compound connec¬ 
tion may be of use as a safety device serving substantially 
the same purpose as a series resistance in the anode 
circuit, without requiring so great an increase in anode 
supply voltage and with a greater overall efficiency. 

A differential connection, in which the anode current 
opposes the main current, used in conjunction with a 
series resistance in the anode circuit possesses important 
advantages. If the number of turns on the coils and the 
magnitude of the series resistance are so chosen that a 
change in anode current produces an equal proportional 
change in both magnetic field and anode voltage, the 
quotient VfH remains substantially constant over the 


great importance since the efficiency of the valve itself 
is not affected. The possible anode dissipation for a 
given valve is fixed; the valve efficiency determines the 
maximum output available, and is of the utmost im¬ 
portance. An additional loss, even of a few hundred 
watts, in the other parts of the magnetron equipment is 
not serious if corresponding advantages are obtained. 

It may safely be said, therefore, that a magnetron 
avmg a differential compound electromagnet of the 
type described has advantages over the simple magnetron 
which considerably outweigh the disadvantages, and such 
a magnetron should be of use as a generator of resonance 
oscillations of short wavelength. 
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SUMMARY 

A description is given of a series of measurements on the 
impedance of the magnetron and its relation to the operating 
conditions in different regions of the frequency spectrum. 
The object of the experiments was to determine the direct 
properties of the valve alone, in order to understand and 
explain the mechanism of operation of the magnetron. This 
has not been completely possible, and it appears that a full 
explanation is difficult unless existing theories of electron 
motion in the magnetron, especially under dynamic condi¬ 
tions, are much extended. 
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(1) INTRODUCTION 

The, static characteristic of the split-anode magnetron is 
such that the valve behaves as a negative resistance to 
potential differences between the anode segments, when 
these are at a mean potential V, and this property persists 
in a range of H (magnetic field strength) from about 
the cut-offf value up to indefinitely strong fields. The 
negative resistance in this region of so-called dynatron 

* The Papers Committee invite written communications, for consideration 
with a view to publication, on papers published in the Journal without being 
read at a meeting. Communications (except those from abroad) should reach 
the Secretary of The Institution not later than one month after publication of 
the paper to which they relate. 

t If e and m are respectively the charge aud mass tjf the travelling particles 
and c is the velocity of light in vacuo, then for cylindrical electrodes the cut-off 
value S/. of magnetic field is given by 

v - ggjgv -i _^y 
8mc 2 V a 3 / 

which becomes S‘^/181 in the case of electrons and when the anode radius a is 
5 mm. and the cathode radius b is 0-065 mm. 


oscillation is sensibly independent of the wavelength 
provided this is long enough, and it persists down to 
wavelengths of the order 1 m. These oscillations, while 
giving high efficiency, result in only medium power out¬ 
puts at comparatively long wavelengths. 

The magnetron also has negative-resistance properties 
which are different from those mentioned above, and 
these are distinguished by the fact that they are only 
partly dependent on external conditions. It exhibits 
these properties from wavelengths of the order of 25 cm. 
up to, indefinitely long wavelengths, and this regime is 
referred to as that of resonance oscillations. Here the 
magnetron is capable of giving with high efficiency the 
largest obtainable power outputs at ultra-short wave¬ 
lengths. 

In addition, the magnetron has negative-resistance 
properties at wavelengths which are such that the 
periodic time is closely related to the electron transit time. 
The valve properties in this regime, usually known as that 
of electronic oscillations, are practically independent of 
external conditions and relate to wavelengths usually less 
than 25 cm. Although the efficiency and power output 
are low, these oscillations include the shortest continuous 
waves that can be generated. 

Most of the experiments described in this paper were 
made on a Marconi-Osram CW10 magnetron. The anode 
had a length of 2 cm., a diameter of 1 cm., and the 
segment gaps were about 2 mm. wide: the valve was rated 
for a dissipation of 50 watts with a maximum anode 
voltage of 1 200 volts and a maximum filament emission 
of 80 mA. Since the anode was in two segments the valve 
formed a symmetrical impedance; and the experimental 
results, unless otherwise stated, refer to voltage ampli¬ 
tudes and impedances for the complete valve, i.e. from 
one anode segment to the other. 

(2) IMPEDANCE IN THE DYNATRON REGIME 

The impedance (which is resistive) and properties of the 
magnetron in the dynatron regime and their relation to 
the static characteristics have been determined by the 
author, 1 whose measurements at short wavelengths have- 
shown that until the wavelength falls below about lOffm. 
the resistance is constant, and after that it rises. This 
result is not unlike that given by normal dynatron and 
regenerative valve oscillators, and is a consequence of the 
electron transit time becoming an appreciable fraction of 
the cycle. Determinations of the resistance for very high 
values of magnetic field give results shown by the lower 
dotted line in Fig. 1. Up to a limiting value any increase 
of amplitude results in a decrease of resistance, and for 
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small amplitudes the resistance is negative (and of very 
low value) close to the cut-off field. There does not 
appear to be a complete explanation for the existence of 
these properties, but it is probably due in some measure to 
the distortion of the electrostatic field by the potential 
difference between the segments, as has been suggested 
by E. W. B. Gill and K. G. Britton 2 and by H. Zuhrt. 48 


Gauss 



Fig. 1.—Variation of negative resistance with field strength 
at various different wavelengths. 

Anode voltage, 100 volts. Wavelength 23 • 2 m. — •— e — 

Filament emission, 10 mA. Wavelength 33 • 1 m. —ffi—ffi— 

Amplitude, 29 volts (r.m.s.). Wavelength 43• 3 m. —O—O— 

Wavelength 9-27 m. —— Wavelength 61 • 8 m. —A—A— 

Wavelength 14-7 m. —x—X—X— Wavelength 80*3 m. —Q— 0— 

Since it will be useful later, it is instructive to consider, 
under static conditions, the radius of the electron cloud 
when H » H c . If the cloud radius is r and the emission 
is assumed small, so that 

V r log rfb 
T ~ log a jb 


then 

r _H C [ 1 — (5 2 /a 2 )] 1/ log r/b \ 

a H [l - (&2/ r 2)] V Vloga/5/ 

and for the valve used we have the values shown in 
Table 1, the last line giving for reference the measured 
anode current when both segments were at 100 volts with 
a filament emission of 10 mA. Thus at the higher field 
values considered in Fig. 1 the electron orbits are not far 
removed from the cathode. 

It can be shown that with a finite emission the radius 
of the cloud is less and that if the space charge is sufficient 
to cause the field at the cathode to become zero then the 
cloud radius tends to one-half the above values. The 
conditions obtaining at cut-off, and the effect of tilt, have 
been examined by the author 4 and it is expected that tilt 
(a) tends to reduce space charge by causing electrons to 
move longitudinally and finally leave the inter-electrode 
space, ( b ) inclines the axis of the cylindrical cloud and 
brings it nearer the anode to an extent depending on the 
angle of tilt and the length of the electrodes. 

(3) IMPEDANCE IN THE RESONANCE REGIME 
(a) Method of Measurement 

This was carried out by connecting the anode segments 
to an external impedance consisting of a symmetrical 
double-rotor condenser (capacitance of each half variable 
between 30 and 200 ju/xF) and a coil (inductance between 
0-9 and 18 fxH.) the centre point of which was kept at a 
steady potential. The dynamic resistance of this circuit, 
when connected to the valve with its filament cold, was 
determined as a function of wavelength. This was made 
by the distuning method or by connecting metallized 
resistors in parallel with the coil (and as close as possible 
to the valve terminals), or by inserting small series 
resistances (of eureka, No. 40 S.W.G.) in the lead connect¬ 
ing the two halves of the condenser. Suitable corrections 
were made for the inevitable distributed inductances and 
capacitances of the circuit, and the agreement of the three 
methods was then very good. The voltage amplitude 
was measured by a pair of small diodes which rectified the 
radio-frequency voltage, the resulting steady voltage 
across the load condenser being read by a high-resistance 
voltmeter. This instrument, which read sensibly peak 
voltage, was calibrated on a sinusoidal 50-cycle supply 
and the readings were assumed valid at the wavelengths 
employed. The voltmeter was connected across the valve 
terminals, and it will be noted that the damping resistance 
(about 5 MQ) and input capacitance (about 1 • 8 jU/xF) 
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were distributed equally across the two halves of the 
coil. 

Much care was devoted to a choice of a suitable method 
of measuring the absolute valve resistance. Since the 
magnetron in this regime is equivalent to a complex non¬ 
linear impedance, the distuning method (capacitance or fre¬ 
quency variation) or methods similar to that due to P. W. 
Willans could not be employed. Finally, two methods 
were used according as the valve resistance was less than 
or greater than the rejector resistance of the external 
circuit. In the first, the valve and circuit together acted 
as a generator whose output voltage at various wave¬ 
lengths was maintained at any assigned and constant 
value by placing an appropriate resistor in parallel with 
the core; and since the circuit has already been calibrated 
its rejector resistance is known at any wavelength when 
shunted by the known resistor. As the circuit power- 
factor was not large the fluctuations of anode potential 
are very nearly simple harmonic, and thus the funda¬ 
mental component of negative resistance of the magnetron 
at any wavelength and amplitude is equal to the known 
rejector resistance. In the second method a voltage of 
the desired magnitude was induced from a separate 
electrostatically screened generator, self-oscillation of the 
magnetron being prevented by inserting sufficient resis¬ 
tance in the circuit. Then the filament of the magnetron 
was lit and the voltage amplitude brought back to its 
initial value by placing a suitable resistor in parallel with 
the coil, the circuit being retuned by slight adjustment of 
the condenser. The resistance necessary to do this is 
equal to the negative parallel resistance of the magnetron. 

To reduce the uncertainties of measurement and the 
confusion which arises due to the different regimes in the 
magnetron associated with very short wavelengths, most 
measurements were made at comparatively long wave¬ 
lengths. This necessitated the use of very strong mag¬ 
netic fields, and values up to 3 500 gauss were provided by 
an iron-cored air-gap electromagnet of conventional form 
but of design appropriate to such intense fields. 

(b) Wavelength and Anode Voltage 

The negative resistance in the resonance regime is 
shown in Fig. 2 as a function of wavelength for three 
values of H. The value of E (r.m.s. voltage amplitude) 
chosen was such that the potential fluctuations of each 
anode were about F/IO. It will be seen that the value 
of —B (negative resistance) increases with A (wavelength) 
in a comparatively gradual manner so long as A is greater 
than a certain value depending on H, and that when A 
is less than this value —B increases much more rapidly; 
in either case — R tends to the value given by the static 
characteristics, this being too high to be shown on the 
diagram. The minimum values of —R lie on a line of 
unit slope (shown dotted), but it will be observed that for 
any given condition the value of A is not critical and the 
magnetron would function well as a generator over a 
considerable range of wavelength if connected to a circuit 
of sufficiently high rejector resistance. 

The existence of a sharply defined minimum wave¬ 
length is indicated from the theoretical analysis of the 
electron paths, 5 while some light on the mechanism of 
these oscillations has been given by E. W. B. Gill and 


K. G. Britton 2 and J. S. McPetrie. 6 It is generally 
accepted that resonance oscillations are found only when 
A (in cm.), V, and H have values given by A VjH — K, 
where K is a constant depending on the diameter and 
number of segments of the anode, but the results given 


Metres 



Fig. 2.—Variation of negative resistance with wavelength. „ 

Anode voltage, 100 volts. Filament emission, 10 mA. Amplitude, 13-6 volts 
(r.m.s.). 

Field strength 320 gauss —□-□— 

Field strength 560 gauss —O-O— 

Field strength 1790 gauss —A-A— 

show that negative resistance occurs over a considerable 
range of K. It will be convenient to use K as defined in 
discussing the experimental results, and thus for the con¬ 
ditions of Fig. 2 negative resistance occurs when K lies 
between 160 and 800. Measurements on the positions 
of minimum negative resistance give K — 266 when 



Fig. 3. —Variation of voltage amplitude with anode voltage. 

Field strength, 2 215 gauss. Filament emission, 10 mA. Wavelength, 61 • 8 m 

Negative resistance 115 kfl —0-G— 

Negative resistance 24-8 kO •—A-A— 

E/V = 0-45, K = 325 when E/V = 0-136 (as in Fig. 2), 
and K = 405 when E/V — 0-026. „ 

The above curves were repeated for other ?wfod^ 
voltages between 50 and 200 volts, and the values of —R 
obtained were almost identical with those given above 
provided E/V was kept the same and H was altered with 
V so that K remained the same. Similar curves can be 
obtained when V is varied (instead of A), but it is useful 
in this case to consider a fixed resistance and examine the 
changes in amplitude. Results for two values of ~R are 
given in Fig. 3. 
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(c) Magnetic Field and Voltage Amplitude 

These “ resonance ” curves can also be derived when 
H is varied as in Fig. 1 for seven different wavelengths, 
from which it will be seen that the minimum value of 
—JR is proportional to A as indicated by the upper dotted 
line. For a given value of A there is only a restricted 
range of H in which the valve exhibits marked negative* 
resistance; nevertheless, it is likely that the proportionate 
increase of —JR is not attributable to the increase of 
A per se but to the effect of going further along the curved 
foot of the cut-off curve with the subsequent contraction 
of the electron cloud. As this value of H is proportional 
to V, while H c varies as W V, the operating point moves 
along the curved foot as V is made larger. 

Since negative resistance is not found for H < JHJ C the 
Figure shows that for any value of V there is a minimum 
wavelength. The positions of minimum resistance are 
found to be given by K = A F/H = 300, and as 
H c = V(181 V) the corresponding minimum wavelengths 
are given by A H c — 54 000. Thus the minimum wave¬ 
length decreases as H c (and hence V ) increases. It will be 
seen later that a similar relation obtains for the wavelength 
of the electronic oscillations, but the value of the constant 
is then about 11 000. Provided sufficient field strength 
is available there appears to be no maximum wavelength 
to the resonance regime, and negative resistance (but of a 
very high value) would be found at indefinitely long (but 
not infinite) wavelengths. Accordingly the fact that self¬ 
oscillation is not encountered at long wavelengths is not 
due to any restriction by the properties of the magnetron; 
but is due to the lack of adequate circuits and the 
difficulty of providing the necessary intense fields. 

Measurements show that the result of repeating the 
curves of Fig. 1 with other amplitudes is that — R tends 
to increase with JR, and since the valve impedance is given 
by the vector sum of the parallel impedances of the 
dynatron and resonance regimes the importance of carry¬ 
ing out these measurements at sufficiently long wave¬ 
lengths to avoid confusion will be realized. 

The curves in Fig. 4(a) show the relation between the 
fundamental component of negative resistance and the 
voltage amplitude, for three fields ranging from 11-3 to 
16-8 H c . It will be seen that the negative resistance is 
proportional to the amplitude so long as this is greater 
than a lower limit (which increases with field strength), 
and it should be understood that the almost vertical rise 
in negative resistance is a real effect. Since the relations 
result in straight lines directed to the origin it is evident 
that the fundamental component of anode current is 
constant whatever the voltage between the segments. It 
has recently been shown theoretically by G. Kara 7 that 
in this regime the magnetron tends to have constant- 
current properties. 

^ ie other hand, the mean anode current, as in 
Fig. %(b), increases with voltage amplitude in a linear 
manner, and it should be noticed that it may be much 
less than the fundamental component; thus when 
JH — 1 950 the latter is always O' 61 mA (r.m.s.), whereas 
the input current can have any value (within limits)' 
greater than 0 ■ 13 mA. A wave-form consistent with 
these results is difficult to conceive, and it is likely that 
the fluctuating component of anode current is not caused 
by the conduction effects familiar in normal valves. It is 



Fig. 4 

(a) Variation of negative resistance with voltage amplitude. 

(b) Variation of input current (d.c.) with voltage amplitude. 

Anode voltage, 100 volts. Field 1 525 gauss — A-’A— 

Filament emission, 10 mA. Field 1 050 gauss —O-O— 

Wavelength, 61-8 m. Field 2 2G0 gauss —□-□_ 


observed that the valve resistance does not decrease 
indefinitely as the amplitude and field strength are 
reduced, but tends to a minimum. Fig. 5 shows that 
the relation between these minimum resistances and 
wavelength is linear and results in a value of K of 282. 



Fig. 5 


(a) Variation of optimum load resistance 
with wavelength. 

Anode voltage, 200 volts. 

•Field strength, optimum. 

Filament emission, 10 mA. 


(5) Variation of minimum negative 
resistance with wavelength, 
Anode voltage, 100 volts. 

Field strength, optimum. 
Filament emission, 10 mA, 


(d) Filament Emission and Angle of Tilt 

The previous results have been obtained with I e (total 
filament emission) large enough to make the valve resis¬ 
tance sensibly independent of it. Fig. 6(a) shows how —R 
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decreases, as I e increases, to a blunt minimum and then 
slowly increases for large values of I R . It is also found 
that A varies with I a , and by measuring the minimum 
value of A (which is well defined, as Fig. 2 shows) for given 
conditions the results of Fig. 6(b) were obtained. It will 
be seen that the wavelength for a given amplitude and ^ 
field increases as I e decreases, which is the opposite to 
what would be expected if this ‘ ‘ resonant 1 ’ wavelength 
were directly related to the electron transit- time. 

Fig. 7(a) shows how I a (mean anode current) and the 
power E-JR (the input to a load resistance B) vary with 



Fig. 6 

(a) Variation of negative resistance with filament emission. 

(b) Variation of wavelength (minimum) with filament emission. „ 

Anod^voltage, 100 volts. Field strength, 1 790 gauss. Amptode 13-6 volts 

(r.m.s.). Tilt zero-O-O—• Tllt 4 —A 'A— 


electron motion induces a constant radio-fiequency 
current in the anode circuit while the input current 
assumes a value directly related to the power E-'jR. It 
should be stated that the optimum values of I e , parti¬ 
cularly at the longer wavelengths, are only a very small 
fraction of the normal space-charge-limited current 
appropriate to the steady anode potentials, and thus there 
appears to be some condition in the valve which tends 
to increase the space charge. 



(b) Variation of amplitude with angle of tilt. 

* • . , t r\r\ _In-n 


Anode voltage, 100 volts. 
Wavelength, 61 • 8 m. 

Field strength, optimum. 
Resistance, 116 kQ. 

Emission 10 mA —0- Q—~ 

Emission 0 • 1 mA 


Emission 
Emission 
Emission 
Emission 0 
Emission 0 


6 mA 
2 mA 

1 mA 
■5 mA 

2 mA 




-©-•— 



emission, the measurements being taken with a constant 
value of resistance. It will be seen that I a and E 2 /R reach 
maximum values when I e is near the optimum value. A 
point of interest is that I a is normally only slightly less 
than I e , and thus the input current to the valve must be 
nearly constant over the cycle, and that its wave-form 
must be sensibly rectangular: it is probable that most of 
tli6 current flows alternately to either anode segmen 
during the half-cycle when it is at the lower potential. 
Attempts to verify this directly by observing the wave¬ 
form of the input feed current by an oscillograph or by 
determining the Fourier components (if any) by suitable 
tuned circuits have only been partly successful. When 
• Fin's is considered with the effect of voltage amplitude and 
the small radius of the electron cloud it seems that the 


It will have been seen that the changes due to increasing 
a (angle of tilt of field) are similar to those due to de¬ 
creasing the emission, a result in agreement with one of 
the known effects of tilt on space charge. Small tilts are 
found not to cause appreciable changes in the valve 
properties (i.e. zero tilt is always a maximum or minfnfqm 
point), but when a is large the effects are complex, as 
shown in Fig. 7(6), where the voltage amplitude, for a 
convenient value of resistance, was measured as a func¬ 
tion of tilt. It will be seen that at zero tilt the amplitude 
rapidly decreases with emission when this is less than 
about 5 mA, and if I e is less than about 0*25 mA there 
is no amplitude for which R = — 115 kO. The humps 
near <x = 12° show that tilt can decrease the negative 
resistance in certain cases, and this effect is related to the 





302 


HARVEY: THE IMPEDANCE OF THE MAGNETRON 


clectron-cloud radius since when this is large (as when II 
and hence A are small) tilt causes no improvement. This 
agrees with theory since, when the cloud radius is small, 
tilt causes the ends to approach more closely to the anode, 
without, however, causing the electrons to collide—as 
happens when the cloud is originally just within the ^ 
anode sheath. It was further noticed that the optimum 
value of H decreases as a increases, and it is of interest to 
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Fig. 8.—Variation of (a) change in valve capacitance, (6) 
negative resistance, (c) reactance, and (d) phase angle, 
with wavelength. 

Anode voltage, 100 volts. Capacitance — O - G — 

Filament emission, 10 mA. Resistance — A - A — 

Field strength, 1 790 gauss. Reactance —©-©— 

Amplitude, 13-G volts (r.m.s.), Phase angle —Q-□— 

point out how apparent dissymmetry in the valve is much 
reduced as the emission increases—a fact not unique to 
the results of Fig. 1(b). 

j r (e) Reactance and Phase Angle 

It is known (J. S. McPetrie 6 and A. Giacomini 8 ) that in 
the resonance regime the impedance of the magnetron has 
a reactive component, and this was measured in terms of 
the difference of the necessary tuning capacitance with 
the magnetron filament cold and hot. The apparent 
resistance and capacitance are shown as a function of 
wavelength in Fig. 8, from which it will be seen that the 
magnetron operation in general causes an apparent 
decrease of electrode capacitance. The corresponding 


curves of reactance and phase angle are also shown; it 
will be seen that the latter changes from near 90° lead 
to near 90° lag, and this is because — R tends to infinity 
more rapidly than C (change in capacitance) tends to zero. 
Measurements show that G varies inversely as the ampli¬ 
tude, and hence the phase angle is independent of 
amplitude. The phase angle is also independent of wave¬ 
length provided this is accompanied by proportionate 
changes of field strength. Since — R has been shown 
to vary as A, it follows that c is sensibly independent of 
wavelength., its greatest value being of the order 1 
in this valve. 


(f) Generation of Oscillations 

For any assigned load resistance the power output can 
be calculated when the amplitude is known, and this 
output is found to reach a maximum as the field strength 



Fig. 9 

(а) Variation of power with load resistance at various different frequencies. 

(б) Variation of maximum power frequency. 

Anode voltage, 200 volts. 13-4 Mc./s., 22-35 m. —A- A — 

Filament emission, 10 mA. 11 -2 Mc./s., 26-75 m. —□-□— 

32-2 Mc./s., 9-27 m.— •-9 — 6-9 Mc./s., 43-30 m. — © -ffi— 

17-8 Mc./s., 16-85 m.—-X-X— Maximum power —Q- Q —• 


is increased. This maximum output is shown as a 
function of load resistance in Fig. 9(a) for five wave¬ 
lengths, and it will be seen that each rises to a blunt 
maximum. The optimum value of field does not, how¬ 
ever, change much over a wide range of load resistance. 
Determination of I a makes it possible to calculate the 
efficiency at maximum output, and this is found to be of 
the order of 40 %-60 % and is sensibly independent of 
wavelength. It may be deduced from Fig. 4 that the 
efficiency in general is nearly independent of amplitude 
and resistance, but it is found to vary with anode voltage 
and filament emission. The maximum output is shown 
as a function of frequency in Fig. 9(b), and results in a 
linear relation. The optimum load decreases linearly with 
wavelength as in Fig. 5. The magnetic field-at maximum 
output is shown in Fig. 10(<z) as a function of wavelength 
and in Fig. 10(6) as a function of anode voltage, and these 
linear relations result in a value of K that differs little 
from a mean of 292. When generating oscillations in this 
regime under conditions where the input is large the 
magnetron shows the well-known phenomenon of 
additional heating of the filament. If under certain 
conditions a continuous-wave output is not essential the 
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restrictions imposed by anode dissipation and filament 
heating can be overcome by applying the anode supply 
voltage in the form of sharp rectangular pulses, the 
voltage of which can be up to several times the normal 
value. An additional advantage is that the minimum 
wavelength is considerably reduced, as indicated pre¬ 
viously, and using a small 4-segment valve rated at 
150 watts, peak outputs of several kilowatts have been 
obtained on a wavelength of 25 cm. 

The relation between power (A 2 /A) and I e shown in 



Fig. 10 

(a) Variation of field strength for maximum power and for minimum wavelength, 
with wavelength. 

Anode voltage, 200 volts. Maximum power — q__—q_ 

Anode voltage, 100 volts. Minimum wavelength—A-A— 

(&) Variation of anode voltage with field strength, for maximum power. 

Cut-off condition- Wavelength 8-0 m. —Q-0— 

Wavelength 4-8 m.—Q-O— Wavelength 11 • 0 m. —A-A 

Wavelength 26-8 m. —ffi-©— 

Fig. 7(a) indicates that modulation by control of the space 
current (as by means of a suitable control grid) is possible 
provided the current is below the optimum value, but the 
linearity is not good and the mean output would be low. 
Fig. 3 shows that anode modulation is possible, both 
when the amplitude increases with V and when it de¬ 
creases. In the former case the modulation depth is 
limited (and sometimes zero), and if this limit is exceeded 
a hysteresis effect occurs which at the longer wavelengths 
is sufficient to prevent the oscillations from building up 
again without circuit readjustment. Similar results 
would be expected from field-strength modulation, but it 
has been shown that if Id and V are altered in the same 
ratio then the amplitude for a given resistance alters 
similarly: thus nearly full and linear modulation is 
possible in this manner. It is apparent from Fig. 4(a) 
that linear modulation is also possible by variation of the 


load resistance by a suitable modulating system, but the 
depth is restricted to an extent depending on the field. 

The frequency stability as a property of the magnetron 
has been measured in the dynatron regime by the author, 1 
who found that in the neighbourhood of the best operating 
conditions the stability is of the order 200 parts in 10°. 
Small variations in valve resistance due to changes in 
the operating conditions have an effect on the generated 
frequency, but the curves of Fig. 2 suggest that the 
behaviour of the magnetron in the resonance regime in 
respect of frequency stability should be the same as that 
for any “ dynatron type ” generator. Frequency-changes 
due to small variations in tile valve reactance can be 
reduced by the use of circuits with a small LjO ratio and 
low values of rejector resistance, but these conditions are 
not conducive to good circuit stability. 

Consideration of Fig. 4(a) shows that self-oscillation is 
not possible when the load resistance is less than a certain 
minimum value which depends on H, but if a voltage of 
sufficient magnitude is applied the valve exhibits negative 
resistance at the wavelength of the applied potential. 
Thus the effective value of the load resistance to the 
source of fluctuating potential is reduced, resulting in 
amplification. For example, if the load resistance is 
made 60 kO with H = 2 260 then for an amplitude^ of 
40 volts (r.m.s.) the negative resistance is 78 kO, making 
the effective load resistance 260 kO. The driving power 
is 6-1 mW and the output is 26-7mW, resulting in a 
power amplification of 6-5 db. The linear relation be¬ 
tween negative resistance and amplitude shows that the 
valve would amplify a wave with a depth of modulation 
depending on the field strength, but the modulation wave 
would be distorted and, since the driving power varies 
during the cycle, it would be necessary for this stage to 
have a low internal resistance to avoid further distortion. 

Fig. 4(a) also suggests that, for any given conditions, 
knowledge of the voltage amplitude when the valve and 
a given circuit act as a generator determines the rejector 
resistance of the circuit, and as a result of the linear 
relation between resistance and wavelength in the mag¬ 
netron it is possible to calibrate it at long wavelengths 
and measure circuit resistances at much shorter wave¬ 
lengths. Although the curves shown apply to sym¬ 
metrical circuits similar ones could be derived for the 
case in which the valve is operated in an unsymmetiical 
manner. 


(4) IMPEDANCE IN THE ELECTRONIC REGIME 
(a) Filament Emission and Angle of Tilt 

Since the properties are practically independent of any 
external impedance the valve was operated as a self- 
excited generator, the wavelength of the external oscilla¬ 
tion being carefully measured. The circuit used was "fy 
pair of parallel wires several wavelengths long (A about 
30 cm.) kept away from other objects, the H.T. input 
being by means of a sliding bridge in the form of a large 
metal screen, and the idle portion of the line being 
terminated by a suitable resistor. The amplitude was 
usually indicated by a thermocouple and millivoltmeter 
placed near the valve, the position being adjusted foi 
maximum millivoltmeter reading. The wavelength was 
measured by noting the bridge positions for maximum 
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amplitude, and the mean of several half-wavelengths was 
taken. As the resistance in the electronic regime is 
particularly sensitive to changes in magnetic field the 
latter was accurately determined by using an electro¬ 
magnet with a stalloy yoke so that hysteresis was reduced 
to a minimum, and by careful calibration with a flux- 
meter. The presence of undesired long-wavelength oscil¬ 
lations, inherent to the form of circuit adopted, was 
eliminated by suitable adjustment of emission and tilt. 

It is known that the amplitude depends considerably on 
the angle of tilt, and it was found that the optimum tilt 
varied with the filament emission in the manner shown in 





d 5 10 15 20 25 30 35 40 


Milliamp. 

Fig. 11 

(a) Variation of optimum angle of tilt with filament emission 

( b) Variation of anode-current increase and of equivalent filament heating with 

anode current. 

Anode voltage, 700 volts. Optimum tilt —O-O— 

Field strength, 405 gauss. Anode-current increase —ffi-®— 

Wavelength, 30 cm. Filament heating —A-A— 

Fig. 11(a) for a given set of operating conditions. Thus 
for vanishingly small emissions the optimum tilt appears 
to be zero, although the valve resistance would then be 
very high. Thus tilt is necessary to reduce the space 
charge caused by the larger emissions, an effect which is 
in agreement with theory. It is likely that the advantage 
of slight tilt is the reduction in resistance previously 
discussed, although the fact that the magnetic field only 
just exceeds the cut-off value means that a large number 
of ^electrons collide with the anode, resulting in low 
efficiency. The amplitude increases to a maximum with 
emission and tilt and then falls for larger currents. Thus 
there appears to be some mechanism in the valve, as noted 
for the resonance oscillations, which increases the normal 
space charge, since saturation should not occur until the 
emission is of the order of several amperes with the high 
anode-voltages employed. 

The determination of the valve resistance itself is 
difficult owing to the very short wavelengths and the 


finite size of electrodes, which make the valve equivalent 
to a small uncertain length of line. It was found that 
the amplitude indication was little affected by changing 
the line impedance from 250 to 500 ohms and that in 
order to obtain maximum brightness of a load lamp whose 
steady-current resistance was 10 ohms it was necessary to 
place it near a voltage antinode. Since the power out¬ 
puts were of the order of 1 watt and the voltage amplitude 
appeared to be only a few volts it would seem that the 
resistance has a very low value (in the neighbourhood of 
20 ohms) at this wavelength. Extrapolation of the resis¬ 
tance values found at the longer wavelengths in the 
resonance regime would indicate such a resistance, and it 
is probable that the magnetron resistance is always low 
near the cut-off condition. This would be explained by 



Gauss 

Fig. 12.—Variation of AH (in cm. gauss) with field strength 

Anode voltage, 600 volts. 

Emission 27 mA, tilt 9-5° —O-O— 

Emission 14 mA, tilt 8 • 0° —A-A— 

the fact that the electrons at the outer portion of their 
orbits pass very close to the segment gaps and experience 
the maximum force due to any potential differences. 

(b) Wavelength and Magnetic Field 

It is well known 9 that negative resistance in the 
electronic regime exists at wavelengths such that AH is a 
constant of about 11 000, and, moreover, that this value 
appears to be closely related to the transit time of the 
electrons. 10 The values of this product were measured 
under different conditions, and the variation of AH with 
H is shown in Fig. 12 to be sensibly linear, the required 
field-strengths being slightly greater than the cut-off 
value. Fig. 13 shows that AH increases with the emission 
but tends to a minimum when this becomes small. The 
corresponding curves of tilt (also shown) result in an 
effect to be expected from Fig. 11(a). 

It will be observed that the minimum values to which 
AH tends are generally within the range 11 000-11 400, 
the lower values relating to conditions in which the space 
charge would be expected to be less. It is known that if 
the magnetic field is such that the electrons just miss the 
anode then when the cathode radius is made zero the 
electron transit-time tends to the value 

_ 2-777710 
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for vanishingly small emissions, and to the first order this 
time is not changed by small angles of tilt. A wave with 
this periodic time gives A H = 10 650, and for the cathode 
radius of the valve used graphical integration of A. W. 
Hull’s equations gives a value of A H about 15 % greater. 

Milliamp. 

0 10 20 30 40 50 60 70 



Field strength, 384 gauss. 

Anode voltage 600 volts, tilt 8° —O-O— 

Anode voltage 600 volts, tilt 10° —A-A— 

Anode voltage 600 volts, emission 21 mA —0-□— 

Anode voltage 630 volts, emission 36 mA —ffl-®— 

F. B. Pidduck 11 shows that the effect of space charge in 
the cylindrical (and in the planar) magnetron is to 
increase the electron transit-time, and while the observed 
changes in A H can be qualitatively explained by changes 
in space charge it seems that the observed value is less 
than would be expected from theory. It is not possible 
to arrive at any definite conclusion since the oscillations 


to oe high since oscillations are found only at com¬ 
paratively high anode voltages, and in some cases large 
angles of tilt and critical values of filament emission are 
necessary. Some typical results are given in Table 2. 

The value of AH/10 650 is usually known as the order 
of oscillation,” and is taken as unity for the normal 
'electronic oscillation. The first four results show that 
oscillation can take place when, as in the electronic 
regime, A H tends to be constant, although the order of 
oscillation is very high. All the results show that inter¬ 
mediate values of A V /H are possible, but the fact that the 
optimum tilts and emissions are different makes it 
difficult to come to any definite conclusion regarding the 
relation between them. No ‘extensive measurements 
were made of the properties of the valve under these 
conditions, but it was noted that they tended to be those 
associated with the resonance oscillations as well as the 
electronic type. It is important that these minor oscilla¬ 
tions show properties similar to those of the other two 
regimes, since it points to a similarity between the latter. 
Thus many of the valve properties determined at longer 
wavelengths could be applied, at least qualitatively, to the 
electronic regime of negative resistance, and it is possible 
that they could be applied in part to electronic oscillations 
occurring in thermionic valves in general. 

(c) Additional Filament Heating 

As with resonance oscillations, additional filament 
heating occurs, which is revealed by the feed current 
exceeding the value for H zero. This phenomenon has 
been partly examined by O. Pfetscher and W. Puhlmann 12 
and A. P. Maidanov. 13 Since I a is only slightly less than 
I e any observed increase in J a is due mainly to an increase 
of emission. Fig. 11(5) shows this increase and the 


Table 2 


X 

V 

H 

« 

h 

KVIH 

\VI(UH) 

\H 

\El 10 650 

-it 

cm. 

370 

volts 

200 

gauss 

1 120 

degrees 

17 

mA 

6 

66 

1-5 

415 000 

38-9 

kn 

370 

300 

i 

140 

3-5 

2 

97 

2-2 

420 000 

39-4 


370 

400 

i 

120 

17 

6 

132 

3-0 

415 000 

38-9 

Approx. 

370 

500 

i 

100 

8 

5 

168 

3-8 

407 000 

38*2 

L Jrl 

20 

370 

300 


371 

0 

1-5 

297 

6-8 

137 000 

12-8 

370 

300 


640 

8 

15 

173 

3-9 

237 000 

22-2 


370 

300 

i 

680 

16 

20 

66 

1-5 

620 000 

58-2 



generally occur at fields exceeding the cut-off value, and 
with small alternating voltages between the segments it 
is difficult to estimate the transit time under such 
conditions. 

As in the case of resonance oscillations it is possible to 
calculate the values of A V/H over the range of negative 
resistance. In particular, the value for maximum output 
varies only slightly and has a mean of 44 which is about 
one-seventh the value of 292 for maximum output of 
resonance oscillations. This suggests that there may be 
other regimes of negative resistance with such integral 
relations, and some of these have been found. The 
resistances of the magnetron in these minor regimes tend 
Vol. 86. 


equivalent filament heating power (derived from the 
emission characteristic) as a function of anode current for 
a constant anode voltage. This effect increases with the 
input to the valve, and since the output falls appreciably 
for large emissions it is evident that this effect can'Occur 
when there is no external evidence of oscillation. 

The filament was heated from a sensibly constant- 
current source and the changes in battery filament heat¬ 
ing due to resistance variations were determined by a 
potentiometer and millivoltmeter. After the equivalent 
heating has been corrected for this some energy remains, 
namely that imparted to the filament during operation 
and which must come from the anode supply. Moreover, 
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the filament-resistance changes correspond to those which 
would occur if the increased anode current were entirely 
due to an increase in filament emission; and thus in this 
case any effects due to secondary emission, positive-ion 
current, or other causes are negligible. 

This energy is expressed in Fig. 14(a) as a function of 
changes in length of the external circuit. It will be noted 
that this effect is greater when the external output is a 



Anode voltage, 700 volts. 
Field strength, 381 gauss. 
Filament emission, 35 mA, 


“ A ” represents minimum external output. 

“ B ” represents maximum external output. 

Wavelength 30 cm., tilt 10° —El-Q— 

Wavelength 30 cm. —O-O— 

Wavelength 350 cm. —A-A— 

minimum (and actually nearly zero), and suggests that 
the mechanism causing this heating would be present 
with the anode segments short-circuited. The rises in 
anode current in this experiment were of the order shown 
in Fig. 11(6). Fig. 14(6) shows this heating energy as a 
function of angle of tilt, and some results for the larger 
resonance regime heating are also included. It would 
seem that this heating is due to the electrons returning to 


the filament with higher velocities than those with which 
they left, since it can be demonstrated 4 in other ways that 
it is possible for the electrons in the course of theii oibits 
to have greater velocities than those given by simple cal¬ 
culation. It is uncertain, however, whether it is a neces¬ 
sary condition that oscillation shall be present. 

(5) CONCLUSIONS 

A description has been given of experiments made to 
measure the impedance of the magnetron and to investi¬ 
gate its special properties in the three regimes of oscilla¬ 
tion which are usually recognized as distinct. Many 
direct properties of the valve have been found and these 
have been discussed, and where possible agreement or 
conflict with the known theory of the magnetron has been 
pointed out. There appears to be experimental evidence 
which strongly suggests that these regimes are not 
entirely distinct, and that the valve properties may diffei 
in them only because of the varying effects due to electron 
motion or allied phenomena. 
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THE LATE COLONEL R. E. B. CROMPTON 

A Memorial Service for the late Colonel R. E. B. 
Crompton, C.B., F.R.S., Past-President, Honorary- 

Member and Faraday Medallist, arranged by The 
Institution, was held at St. Margaret’s Church, West¬ 
minster, on Thursday afternoon, 22nd February, 1940, 
and was attended by a large number of his friends and 
of representatives of the various societies and organiza¬ 
tions with which he had been associated. Canon V. F. 
Storr officiated. 

At the Ordinary Meeting of The Institution held on 
the same day, the President paid a tribute to Colonel 
Crompton’s outstanding services to the electrical 
profession and he asked the members present to stand 
in silence for a few moments as a mark of esteem. 

I.E.E. WIRING REGULATIONS 

A number of alterations and additions to the Eleventh 
Edition of ’the I.E.E. Regulations for the Electrical 
Equipment of Buildings were approved by the Council 
on the 22nd February for publication as a Supplement 
to the Regulations. 

Copies of the Supplement can be obtained free of 
charge, on application to the Secretary, for insertion in 
existing copies of the Regulations. 

VOLUNTARY NATIONAL SERVICE—CENTRAL 

REGISTER 

Special Panels of the Electrical Engineering Sub- 
Committee have, from time to time, recommended the 
names of members for vacant appointments notified 
through the Central Register. 

The Institution is anxious to keep its records up to 
date, and the Secretary would therefore be glad if 
members who have been offered positions through the 
Central Register would inform him of their decision, 
irrespective of whether the offer is accepted or refused. 

COOPERS HILL WAR MEMORIAL PRIZE AND 

MEDAL 

The triennial award of the above Prize and Medal 
falls this year to The Institution, and the Council have 
decided to invite members to submit for consideration 
a paper on any subject coming within the scope of 
electrical science or electrical engineering and their 
applications. Papers submitted must be specially written 
for the purpose of the competition and must reach the 
Secretary not later than the 1st October, 1940. Only 
Corporate Members who were under 35 years of age 
on the 1st January, 1940, are eligible to compete. 

Full particulars will shortly be circulated to all 
Corporate Members. 

SCHOLARSHIPS 

The Secretary desires to draw the attention of members 
to the following Institution Scholarships. The closing 
date for receiving nominations for this year’s awards is 
the 15th April. Any member desirous of obtaining 
more detailed information should apply to the Secretary. 


Duddell Scholarship (value £150 per annum for 3 years). 

-» Open to British subjects under 19 years of age on the 
1st July who have passed a matriculation or equivalent 
examination, and who desire to take up a whole-time 
day course in electrical engineering. 

Preference will be given to candidates whose fathers 
or a near relative are, or have been, members of The 
Institution. ^ 

Ferranti Scholarship (value £250 per annum for 2 years). 

For whole-time research or post-graduate work. Open 
to British subjects under 26 years of age on the 1st July, 
who have been Students or Graduates of The Institution 
for at least 2 years and have taken either (a) a whole¬ 
time course in electrical engineering of at least 3 years 
and obtained a degree or diploma; or ( b) a whole-time 
course in science of at least 3 years and obtained an 
honours degree, provided that in the final examination 
for such degree they have passed in “ physics,” or 
“ electrochemistry,” or “ electrometallurgy.” 

Preference will be given to candidates whose fathers 
are, or have been, members of The Institution. 

Swan Memorial Scholarship (value £120 for 1 year). 

The conditions are similar to those for the Ferranti 
Scholarship, except that the age limit is 27 years on the 
1st July and that candidates need not be members of 
< The Institution. Preference will be given to candidates 
who were born in the County Borough of Sunderland, or 
resided there for at least 7 years, or were educated at 
Sunderland Technical College. 

Silvanus Thompson Scholarship (value £100 per 
annum, plus tuition fees, for 2 years). 

Open to British subjects who have served a minimum 
apprenticeship (or its equivalent) of 3 years at an 
approved works and are under 22 years of age on the 
1st July, and who desire to take up a whole-time day 
course in electrical engineering. 

William Beedie Esson Scholarship (value £120 per 
annum; tenable for 2 years, renewable in approved 
cases for a third year). 

The conditions are similar to those for the Silvanus 
Thompson Scholarship. 

BRITISH STANDARDS 

The Secretary has been asked by the British Standards 
Institution to draw attention to the following new and 
revised Specifications:— » ' 1 

Voltages (B.S. No. 77). 

Since the publication in 1932 of the third edition of 
this British Standard, the development in a.c. trans¬ 
mission and distribution has brought about considerable 
changes in practice, and the revised edition of B.S. No. 77 
recently issued takes account of this progress. 

The chief change between the old and the revised 
specification is the substitution of two standard voltages; 
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“ system voltage ” and " declared voltage ” for the 4 
voltages included in the 1932 edition. 

System voltage is defined as “ the voltage between 
lines for which the system is designed and installed/' 
while the “ declared voltage ” is. " the voltage at the 
consumer’s terminals declared by the undertaker.” 

In the interests of general standardization, the 
Specification is not now confined to new systems. 

A revised list of standard voltages is given. 

Copies of this British Standard can be obtained from 
the British Standards Institution, Publications Depart¬ 
ment, 28, Victoria Street, London, S.W.I., price Is. each 
(Is. 2d. post free). n * 

Glossary of Terms used in Electrical Engineering 
(B.S. No. 205—1936). 

An addendum has recently been issued to the above 
Glossary. It takes the form of a Section dealing with 
terms and definitions used in radio direction-finding. 
These terms and definitions have been published as a 
British Standard, with the approval of the appropriate 
B.S.I. Committees, at the request of the Department of 
Scientific and Industrial Research, and were prepared 
by the Direction-finding Committee of the Radio 
Research Board, of that Department. They will be 
included in the body of the Glossary when that publi¬ 
cation is revised. 

Copies of this Addendum can be obtained from the 
B.S.I., price Is. each (Is. 2d. post free). 

Air-break Switches and Circuit-breakers (B.S. Nos. 
861 and 862). 

Two new Specifications, B.S. No. 861 and B.S. No. 862, 
have been issued. These combine in two documents 
material originally published in 6 specifications, as 
follows:— 

B.S. No. 861 covers revisions of— 

B.S. No. 109—1934. Air-break Knife Switches and 

Air-break Isolating Switches. 
B.S. No. 124—1934. Totally - enclosed Air-break 

Switches. 

B S. No. 126—1930. Flame-proof Air - break 

Switches. 

B.S. No. 862 covers revisions of— 

B.S. No. 110—1934. Air-break Circuit-breakers. 
B.S. No. 127—1930. Flame-proof Air-break Cir¬ 
cuit-breakers. 

B.S. No. 130—1934. Totally-enclosed Air-brealt 

Circuit-breakers. 

It is felt that this will facilitate the use of the Speci¬ 
fications, many clauses of which were common to all. 

Copies may be obtained from the B.S.I., price 2s. each 
(2s. 2d. post free). 

n 

Gauges for A.R.P. Lighting (BS/ARP 30). 

One of the difficulties in complying with the pro¬ 
visions of the various regulations and specifications in 
connection with A.R.P. lighting is that the illumination 
values are expressed in foot-candles. The measurement 
of illumination in terms of foot-candles presents no diffi¬ 
culties in properly equipped laboratories, but it is quite 
a problem to evaluate illumination on site, parti¬ 
cularly when the level of illumination is of the low order 


imposed by A.R.P. restrictions. For many purposes it 
is not required that quantitative measurements should 
be made, but merely that tests be made to ascertain 
whether the illumination is in excess of, or less than, the 
prescribed value. With this in view, gauges for checking 
low values of illumination have been developed, and a 
British Standards Specification (BS/ARP 30) has been 
published. The nominal values of illumination for which 
gauges are prescribed in the specification are 0-0002, 
0-002, 0*02 and 0-2 foot-candle, and means may be 
provided for enabling more than one of these values to 
be gauged with the same instrument. The specification 
aims at ensuring the necessary accuracy combined with 
portability, but leaves the manufacturer free to develop 
his own design. An appendix giving notes on the 
essential parts of the gauges, and on the use of gauges, 
is included. Copies of this specification can be obtained 
from the B.S.I., price 2d. (3d. post free). 

War-time Street Lighting (BS/ARP 37). 

Although the installation of the new form of street 
lighting is in many parts of the country only just be¬ 
ginning, a revised edition of BS/ARP 37 has-been issued. 
This revision, however, does not modify the provisions 
of the original edition (dated December, 1939) 'but 
extends them in a very useful direction. There are two 
main additions, namely:— 

(a) The inclusion of standard curves of light distri¬ 
bution for fittings intended for mounting heights between 
9 ft. and 14 ft. (nominal mounting height 10 ft.) and for 
use where the spacing is less than 100 ft. but is not less 
than 50 ft. These fittings are designated " 10 ft. SS ” 
to distinguish them from the 10-ft. nominal-mounting 
light-fittings intended for spacings over 100 ft. 

(b) An appendix has been added, containing notes on 
the design and testing of fittings purporting to comply 
with the specification. These notes are given primarily 
for the guidance of those concerned with the design and 
production of fittings for which certification is desired, 
but they will doubtless prove of interest to a much wider 
circle of readers of the specification as they deal generally 
with photometric measurements at very low candle- 
powers. 

Copies of the revised BS/ARP 37 can be obtained from 
the B.S.I., price 6d. (8d. post free). 

MEMBERS ON SERVICE WITH H.M. FORCES 
AND WITH THE ALLIES 

(THIRD LIST)* 

(Note. —The Secretary will be glad to receive, for pub¬ 
lication in subsequent lists, the names of other members 
of The Institution who are serving with His Majesty’s 
Forces or with the Allies, together with particulars 
of their rank and the unit in which they are serving. 

It is also proposed to publish lists of promotions, 
transfers, military honours awarded, etc.f All such par¬ 
ticulars, both in regard to a member himself and in 
connection with oilier members of whom he may have 
knowledge, should be sent to the Secretary as early as 
possible so that the Institution records can be kept up 
to date.) 

* See Journal I.E.E., 85, p. 653, and 86, p. 99. 
f The first list of promotions and transfers will be found on page 3H. 
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Name 

Affleret, P. M. J. 

Dickinson, J. 
Glendenning, S. E. 
Jones, J. E. 
Pooley, L. A. C. 
Reading, J. 


Adams, R. M. 

Chard, F. dela C. 
Clarke, H. 

Clay, R. A. 

Coates, T. 

Collier, J. T. 
Collingbourne, H. L. 
Colvin-Smith, P. M. 
Cunliffe, E. N. 
Daniel, C. S. 
de Salis, A. F. 
Dunford, A. 
Entwistle, J. 

Farrell, J. F. E. 
Fee, D. J. „ 

Fisher, J. 

Graham, A. 

Haines, H. A. 

Hibbs, N. L. 
Hounsfield, R. B. 

Ingham, F. 

Jarratt, R. C. 
Johnston, C. S. 


Jones, J. G. 

Lemon, E. O. 

London, P. 

McDonald, R. E. W 
Markland, J. D. 

Mayes, E. A. 
Metson, G. FI. 
Morcom, FI. G. 
Patterson, J. IF. 
Podoski, J. 

Rees, T. 

Rendle, H. B. 

Reynolds, J. A. E. 
Sleeman, FI. 
Stanley, V. E. 
Wethered, FI. E. 
Whatman, A. B. 
White, E. J. 


Angell, F. 

Featherstone, 
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Royal Signals 
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Royal Engineers 
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Royal Engineers 
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Royal Navy 
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Royal Signals 
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Royal Naval Volunteer 
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Royal Engineers 
Royal Engineers 
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Royal Engineers 


Graduates 


Captain 
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Pilot Officer 
Flying Officer 
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Captain 
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Lieutenant 
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Lieutenant 

Major 

Lieutenant 

Lieutenant 
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Major 
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Lieutenant 
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Captain 
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Abbott, R. M. F. 

Allen, D. C. 
Armstrong, G. 

5 Baker, M. W. 
Bawtree, H. M. 
Beatson, C. J. 
Berridge, E. J. 
Birchenhough, H. 

Boundy, J. R. 
Bowyer, F. P. 

Brook, E. R. 
Calderara, P. 

Callender, M. W. 

Catto, E. H. 

Collins, F. H. 

Cooper, S. 

Davis, T. 

Dean, J. A. 
Degerdon, M. E. 

Fenn, R. W. 

Fielding, T. J. 
Furse, C. W. 
Garson, A. A, 

Gates, N. P. 

Gates, R. E. 

Gofl, IF. S. H. 

Gore, W. E. 
Gosling, J. C. 
Flammond, 

J. D. le B. 
Pleadland, R. C. C. 
Hewitt, W. M. 
Hickling, C.'G. 

Horn, J, G, 

Hughes, D. 

Flutchinson, G, P. 

lago, J. M. 

Ingham, L. 

Jackson, G. B. 
Jackson, S. 

James, D. N. A. 

Kibblewhite, G. G. 
Kinder, R. N. 

Kington, C. N. 
Lamond, J. A. 

Ledger, H. H. 
Leigh-Clare, 

H. H. J. 

Locke, C. F. 

Mackenzie, E. J. 
Maddams, L. E, 

Mallett, L. H. 

Marshall, D. 


Corps, etc 

Royal Naval Volunteer 
Reserve 

Royal Engineers 
Royal Naval Volunteer 
Reserve 
Royal Signals 
Royal Signals 
Royal Artillery 
Royal Florse Artillery 
Royal Army Ordnance 
Corps 

Royal Air Force 
Royal Navsl Volunteer 
Reserve ® 

Royal Navy- 
Royal Naval Volunteer 
Reserve 

Royal Naval Volunteer 
Reserve 

Royal Engineers 
Royal Naval Volunteer 
Reserve 

Royal Army Ordnance 
Corps 

Royal Artillery 
Royal Air Force 
Royal Naval Volunteer 
Reserve 

Royal Naval Volunteer 
Reserve 
Royal Signals 
Royal Air Force 
Royal Naval Volunteer 
Reserve 
Royal Signals 
Royal Signals 
Royal Signals 
Royal Air Force 
Royal Signals 
Royal Army Ordnance 
Corps 

Royal Engineers 
Royal Engineers 
Royal Naval Volunteer 
Reserve 

Royal Naval Volunteer 
Reserve 

Royal Army Medical 
Corps 

Royal Naval Volunteer 
Reserve 

Royal Naval Volunteer 
Reserve 

Royal Naval Volunteer 
Reserve 

Royal Engineers 
Royal Engineers 
Royal Army Ordnance 
Corps 

Royal Signals 
Royal Naval Volunteer 
Reserve 

Royal Air Force 
Royal Naval Volunteer 
Reserve 
Royal Signals 
Royal Air Force (V.R.) 


Rank 

Sub-Lieut. 


Corporal 

Sub-Lieut. 

Signalman 

Cadet 

Gunner 

Gunner 

Lieutenant 

Flying Officer 
Sub-Lieut. 

Telegraphist 

Sub-Lieut. 

Sub-Lieut. 

Sapper 

Sub-Lieut. (E) 

Lieutenant 

Sergeant 
Sergeant 
Sub-Lieut. (E) 

Sub-Lieut. 

Sec. Lieut. 
Pilot Officer 
Sub-Lieut. (E) 

Sec. Lieut. 

Signalman 

A/Sergeant 

Flying Officer 

Signalman 

Lieutenant 

Lance-Corporal 
Sec. Lieut. 
Sub-Lieut. (E) 

Sub-Lieut. 

Private 

Sub-Lieut. 

Sub-Lieut. 

Sub-Lieut. 

Sapper 

Sergeant 

Lieutenant 

Sec. Lieut. 
Sub-Lieut. (E) 

Pilot Officer 
Sub-Lieut. 

Lieutenant 
Pilot Officer 


Royal Naval Volunteer Sub-Lieut. 
Reserve 

Royal Engineers 
Royal Naval Volunteer 
Reserve 

Royal Army Ordnance Lieutenant 
Corps 

Royal Engineers 


Sec. Lieut. 
Sub-Lieut. 


Sapper 
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Name 

Maurice, R. B. 

Meredith, E. G. 
Metcalfe, A. B. 

Miller, G. M. 
Nathan, A. J. 

Neave, D. P. B. 

Osmand, A. G. 
Parkinson, J. B. 
Partridge, G. H. 

Payne, S. L. 

Payne, T. C. 

Pearce, P. H. 
Penfold, T. B. D. 

Percival, F. V. 

Pickard, H. 
Pinney, G. 

Preist, D. H. 
Prescott, C. 

Reed, A. 

Reeves, E. 

Reynolds, W. J. 
Robinson, H. R. 

Rogers, R. W. 
Sayers, T. C. 
Semken, P. 

Shaw, A. L. 

Smith, A. 

Smith, H. R. 

Smith, K. O. 

Smith, P. E. 

Soutter, C. G. 
Spinks, J. 
Straughen, A. R. 

Strong, R. E. 
Tapper, G, W. 

Taylor, R. D. 
Thomas, G. M. 

Thompson, J. J. 

Unwin, H. J. 

Veale, W. E. C. 
Volum, W. G. 

Wade, A. R. 
Wame, G. H. 

9“ 

Waters^ G. E. 

Whitmore, S. F. C. 
Young, A. F. B. 


Adams, N. F. 
Agate, J. S. 
Alexandre, A. C. 
Arnold, J. L. S. 


Corps, etc. 


Ranh 


Royal Naval Volunteer Sub-Lieut. 
Reserve 

Royal Naval Reserve Sub-Lieut. 
Royal Naval Volunteer Sub-Lieut. 
Reserve 

Royal Engineers Sec. Lieut. 

Royal Naval Volunteer Sub-Lieut. (Ej 
Reserve 

Royal Army Ordnance Lieutenant 
Corps 

Royal Air Force Sgt. Pilot 

Royal Artillery Sergeant 

Officer Cadet Training Cadet 
Unit 

Royal blaval Volunteer Sub-Lieut. 
Reserve * 

Royal Army Ordnance Lieutenant 
Corps 

Royal Engineers Cadet 

Royal Naval Volunteer Sub-Lieut. 
Reserve 

Royal Naval Volunteer Sub-Lieut. (E) 
Reserve 

Royal Signals Captain 

Royal Signals Lieutenant 

Royal Air Force (V.R.) Fit.-Lieut. 
Royal Artillery Gunner 

Officer Cadet Training Cadet 
Unit 

’Royal Army Ordnance Mai or 
Corps 

Royal Engineers Sec. Lieut. 

Royal Naval Volunteer Sub-Lieut. (E) 
Reserve 

Royal Signals Corporal 

Royal Engineers Sec. Lieut. 

Royal Naval Volunteer Sub-Lieut. 
Reserve 

Royal Engineers Sec. Lieut. 

Royal Engineers Sapper 

Royal Naval Volunteer Sub-Lieut. 
Reserve 

Welch Regiment Quartermaster 

Sergeant 

Officer Cadet Training Cadet 
Unit 

Royal Engineers Lance-Corporal 

Royal Air Force (V.R.) Pilot Officer 
Royal Naval Volunteer Sub-Lieut. 
Reserve 

Royal Engineers Sec. Lieut. 

Royal Army Ordnance Lieutenant 
Corps 

Royal Engineers Sec. Lieut. 

Royal Army Ordnance Lieutenant 
Corps 

Royal Naval Volunteer Sub-Lieut. (E) 
Reserve 

Royal Naval Volunteer Sub-Lieut. (E) 
Reserve 

Royal Navy Sub-Lieut. (E) 

Royal Army Ordnance Sergeant 
Corps 

Royal Engineers Sapper 

Royal Naval Volunteer Sub-Lieut, 
Reserve 

Royal Naval Volunteer Sub-Lieut. 
Reserve 

Cheshire Regiment Sec. Lieut. 
Royal Artillery Sec. Lieut. 


Students 

Royal Artillery 
Royal Navy- 
Royal Signals 
Royal Engineers 


Gunner 
Sub-Lieut. (E) 
Sec. Lieut. 
Corporal 


Name 
Ball, C. E. 

Barnes, F. E. 
Baxter, G. F. 
Bickerdike, S. R. 
Bourne, W. J. 

* Branch, B. G. 
Brewer, A. J. S. 
Brown, H. 

Buckland, W. G. N 

Burn, J. F. 
Burrow, R. G. 
Burrows, A. T. 
Burton, D. E. 
Busby, J. D. A. 
Chetwood, D. H. 

Clarke, N. M. 
Clough, K. 

Cooke, A. B. 

Cooper, S. J. 
Cranmer, j. M. 

Dale, A. A. 

Davis, S. C-. 

Edelsten, W. K. 
Edmonds, E. W. A. 

Edwards, E. T. A. 
Edwards, G. 

Field, H. J. 
Fletton, J. C. 
Forsyth, J. G. M. 
Foster, P. W. 
Frodsham, A. F. 

Greetham, R. F. 
Hadland, P, 

Hale, N. V. 
Hamilton, F. L. 

Hart, E. C. 

Hay, W. A. H. 
Haynes, E. R. 
Hetreed, M. J, 

Holliday, S. 
Holmes, J. 

Hope, J. T. 

Humphreys, H. M. 
Imison, K. H, 

Johnston, J. H. 
Kline, H. 

Laidler, W. R. 
Luing, J. F. 
Marshall, C. J. 
Michaelson, K. B. 

Milne, S. W. 

Morris, A. 

Munns, J. G. W. 
Nicholson, G. G. 
Pearce, K. W. 
Peters, R. H. 

Plumbly, G. M. 
Pridmore, J. 


Corps, etc. 

Royal Naval Volunteer 
Reserve 

Royal Air Force 
Royal Signals 
Royal Signals 
Royal Air Force 
Rhodesia Regiment 
Royal Engineers 
Royal Naval Volunteer 
Reserve 

. Royal Army Ordnance 
Corps 

Royal Engineers 
Royal Navy 
Royal Signals 
Royal Signals 
Royal Signals 
Royal Naval Volunteer 
Reserve 

Royal Air Force 
Officer Cadet Training 
Unit 

Royal Army Ordnance 
Corps 

Royal Engineers 
Royal Naval Volunteer 
Reserve 

Cheshire Regiment 
Royal Army Medical 
Corps 

Royal Air Force 
Duke of Cornwall’s 
Light Infantry 
Royal Engineers 
Royal Army Ordnance 
Corps 

Royal Air Force 
Royal Signals 
Royal Signals 
Royal Artillery 
Royal Naval Volunteer 
Reserve 

Royal Air Force 
Officer Cadet Training 
Unit 

Royal Signals 
Royal Naval Volunteer 
Reserve 

Royal Air Force 
The Cameronians 
Royal Signals 
Royal Army Ordnance 
Corps 

Royal Signals 
Royal Army Service 
Corps 

Royal Army Ordnance 
Corps . 

Royal Artillery 
Officer Cadet Training 
Unit 

Royal Signals 
Royal Engineers 
Royal Artillery 
Royal Air Force 
Royal Signals 
Royal Air Force 


Ranh 

Sub-Lieut. 

Pilot Officer 

Sergeant 

Signalman 

Pilot Officer 

Sergeant- 

Sapper 

Sub-Lieut. 

Lieutenant 

Sapper 
Wireman 
Sec. Lieut. 
Signalman 
Signalman 
Sub-Lieut. (E) 

A.C.2 

Cadet 

Staff-Sergeant 

Sapper 

Sub-Lieut. 

Lieutenant 

Private 

A.C.2 
Sec. Lieut, 

Sapper 

Private 

Pilot Officer 
Sec. Lieut. 

Sec. Lieut, 

Sec. Lieut. 
Sub-Lieut. 

Aircraftman 

Cadet 

Signalman 
Sub-Lieut. (E) 

Corporal 
Sec. Lieut. 

Sec. Lieut. 

Sec. Lieut. 

Signalman 

Private 

Private 

Sec. Lieut. 
Cadet 


Royal Artillery 
Royal Engineers ■ 
Rgyal Tank Regiment 
Royal Engineers 
Royal Artillery 
Royal Naval Volunteer 
Reserve 

Suffolk Regiment 
Royal Air Force 


Signalman 

Sapper 

Lance-Bdr. 

Sergeant 

Signalman 

Leading 

Aircraftman 
Gunner 
Sec. Lieut. 
Sergeant 
Sapper 
Gunner 
Sub-Lieut. 

Sec. Lieut. 
Corporal 
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Name Corps, etc. Rank 

Rake, C. E. T. Royal Engineers Lance-Corporal 

Richardson, P. Royal Engineers Lance-Corporal 

Roberts, A. C. Royal Signals Private 

Robertson, D. Royal Engineers Company Q.M. 

Sergeant 

Robinson, W. E. Royal Air Force Leading- 

Aircraftman 

Sheldon, P. Royal Engineers Sapper 

Skipworth, R. Royal Air Force A.C.2 

Smith, W. D. A. Royal Air Force Fit.-Lieut. 

South, J. D. Royal Army Service Private 

Corps 

Stamps, J. H. Royal Artillery Gunner 

Starnes, H. W. Royal Artillery Gunner 

Sullings, F. J. Royal Signals Company Q.M. 

Sergeant 

Taylor, J. G. Royal Army Ordnance Private 

Corps 

Thompson, R. C. Royal Signals Signalman 

Townsend, W. C. G. Royal Artillery Sergeant 

Tucker, E. Royal Signals Signalman 

Turner, J. C. S. Royal Air Force Sergeant 

Vigors, P. D. Royal Naval Volunteer Sub-Lieut. 

Reserve 

Walker, H. Royal Army Ordnance Corporal 

Corps 

Walker, R. G. Royal Air Force A.C.2 

Watson, K. t'. Royal Signals Signalman 

Weaver, D. G. Royal Engineers Lance-Corporal 

Wilcox, A. Royal Naval Volunteer Sub-Lieut. (E) 

Reserve 

Wilkinson, N. E. Royal Air Force A.C.2 

Williams, G. L. Royal Naval Volunteer Sub-Lieut. 

Reserve 

Williamson, D. Royal Navy Sub-Lieut. (E) 

Willis, M. D. Argyll and Sutherland Sec. Lieut. 

Highlanders 

Woollcombe, Royal Signals Signalman 

W. R. S. 

Worman, E. F. Royal Air Force Aircraftman 


PROMOTIONS AND TRANSFERS OF MEMBERS 
ON SERVICE WITH H.M. FORCES 

(FIRST LIST) 

Associate Members 

Adye, A. F. C. Royal Artillery Major 

Beck, W. L. Royal Signals Major 

Downes, F. A. Royal Air Force Flt.-Lieut. 

Olson, A. H. F. Royal Army Ordnance Lieutenant 

Corps 

Terry, J. Royal Army Ordnance Lieutenant 

Corps 

Thurner, W. M. F. Officer Cadet Training Cadet 

Unit 

Williams, IT. J. Royal Air Force Squadron Leader 


Graduates 

Bousfield, R. li. Royal Engineers Lance-Corporal 

Buck, J. Royal Artillery Lance-Sergeant 

Clayton, K. B. Royal Naval Volunteer Lieutenant 

Reserve 

Gorman, M. E. Royal Army Ordnance Major 

Corps . 

Laflin, PI. E. Royal Army Ordnance Captain 

Corps 

Nicholson, J. Officer Cadet Training Cadet 

Unit 

Preston, D. G. Royal Army Ordnance Sergeant 

Corps 


Name Corps, etc. Rank 

Robson, L. P\ Officer Cadet Training Cadet 

Unit 

Smith, C. C. Officer Cadet Training Cadet 

Unit 

Varley, L. J. Royal Signals Lance-Corporal 

Students 

Cartwright, A. E. Royal Army Ordnance A/Sergeant 

Corps 

Francis, S. W. Royal Naval Volunteer Sub-Lieut. 

Reserve 

Housden, G. A. J. Royal Artillery Captain 

® 

ELECTIONS AND*TRANSFERS 

At the Ordinary Meeting of The Institution held on the 
22nd February, 1940, the following elections and transfers 
were effected: — 

Elections 

Associate Members 

Gall, Douglas Crisp. O’Bow-Hove, Paul Alex- 

Gaskell, Maurice Oswin. ander, B.Sc.(Eng.). 

Gillies, David Comba A. Parry, Kenneth. 

Gray, William. Stack, Edward Francis R., 

Fledley, Alan Wilding. Captain R.E. 

ITerschell, Reginald George. Tumilty, Plugh Germain. 
Hunter, Thomas Norman. Upadhyaya, Govind Krish- 
Matthews, Charles Fred- na D. 

ericlc, B.Sc. Walker, Kenneth Douglas, 

Miller, Henry Arthur. B.Sc. 

Mourant, John Philip B. Ward, Percival Alfred. 

A ssociates 

Bullas, Herbert. Lussi, Auguste Otto. 

Dawson, William James. Paston-Green, John Plenry 

Gibb, John Purvis. R. 

Graduates 

Baird, Trevor Gordon. Offer, Ernest John. 

Blake, Stanley Alfred J. Palmer, William Clifford. 

Chi, Han-Chen, B.Sc. Parker, Walter Brian. 

Coleman, William David, Read, William Macartney. 

B.Sc. Reid, James. 

Cooke, George Meredith. Scully, Charles Thomas. 

Fergusson,RobertBrownM. Sowerby, James Mac- 

Ferrier, James Fisher. Gregor, B.A. 

Ghose, Man Kumar. Stead, Leslie George. 

Goodwin, Kenneth Oak- Street, Walter George. 

land, B.Sc. Swinney, Edward. 

Heanen, John Alexander, Watkins-Ball, Mervyn 

B.Sc. James. 

Hsieh, Shih-Hsin, B.Sc. Watts, John Raymond.^ 

Kennedy, Edgar James. Williams, Denis. • • 

McBain, John. Woodcock, Leslie Gordon. 

McFadden, George Law- Woodford, Reginald Archi- 

rence, B.Sc. bald. 

Students 

Ahmad, Riaz, M.Sc. Ashmawy, Plassan Ahmed. 

Appleby, Sidney Jerome. Ashton, Denys Alban, 

Archibald, William John. Ballantine, Reginald Lloyd. 
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Students —continued. 
Barnett, Alywne Ernest 
E. 


Transfers 

Associate Member to Member 


Boyce, John Samuel. 
Dawson, William John M. 
Dennis, William Edwin, 
Lt.-Col. 


Associate to Associate Member 


Bray, Percy Archibald. 
Dallow, Norman Richard. 
Dennes, Howard Gay. 
Ellis, Leonard’George. 


Graduate to Associate Member 


Aston, Leonard George. 
Ball, Brian Francis, B.A. 
Brook, George Henry. 
Clark, William Brindley. 
Cooper, Arthur Ronald. 
Dew, Clement Edgar. 
Dharap, Prabhakar Wa- 
man. 

Donald, William Horace. 
Plackett, Miss Winifred, 
B.Sc., Ph.D. 

Hamilton, Robert, B.Sc. 
(Tech.). 

Harrison, Douglas, B.Eng. 
Jarvis, Harold Frederick. 
Jewitt, Eric, B.Sc.(Eng.). 
Kirkpatrick, Kenneth Sut¬ 
ton. 

Laycock, Leonard Spencer. 


Student to Associate Member 
Webster, James Gordon, B.E. 

Student to Associate 
Chapman, George Henry. 

The following transferswere also effected by the Council 
at their meeting held on the 8th February, 1940: — 

Student to Graduate 


Donkin, Bryan, B.A. 
Pittaway, Kenneth. 
Singh, Saudagar, M.Sc. 
Varley, Robert. 


Hayden, William Benja¬ 
min. 

Thomas, Alfred Morris, 
B.Sc. 


Lewis, Hexell Arthur, B.Sc. 
(Eng.). 

Lewis, William Kenneth. 
Mackie, Andrew Douglas. 
Pearce, Charles Arthur R., 
M.Sc.(Eng.). 

Pearce; Kenneth Maxwell. 
Ray,Binoy Bhushan, M.Sc. 

(Eng.). ^ 

Rice, Richard Henry G. 
Roynon, Frank Goodner. 
Sims, Kenneth Edward, 
B.Sc.(Eng.). 

Sutton, Percy William, 
B.A. 

Thompson, Henry Chris¬ 
tian, B.Sc. 

Wight-Boycott, Alexander 
Hubert P. 


Beadle, Anthony Crisp. 
Beaumont, James. 
Blackburn, Richard. 
Bottomley, William Dyson. 
Bush, John Henry Crom¬ 
well. 

Butler, Charles Edward. 
Chad, Douglas Walter. 
Chambers, Joseph Arthur. 
Chappell, Raymond 
George. * 

Christian, Percy. 

Claydon, Douglas James. 
Colgan, Anthony Joseph. 
Collins, James. 

Cook, Arthur George 
Ernest. 

Cook, Stephen Lennox. 
Cooke, Roy Arthur N. 
Cooper, Ronald Charles. 
Corbett, James Patrick. 
Cory, Frederick Payne. 
Coulshed, William Francis. 
Elbourn, Roland William. 
Evans, Ivor Stanley L. 
Fairfield, Ian McLeod. 
Fancett, Eric John. 

Forbes, Leonard. 

Fowler, Kenneth Thomas. 
Furby, Dennis Charles. 
Gibson, Howard Phillip. 
Gough, George Stott. 
Groom, Alan Robert. 
Grossett, William. 

Guy, Percy Denis. 

Plaines, Edward Robert 
E. 

Hale, Anthony Peter. 
Hansen, Ivan Charles. 
Harper, Harry Hartridge. 
Harrison, Harold Mellor. 
Henderson, Norman Mac¬ 
Leod. 

Hockaday, Leslie Norman. 
Ploldsworth, Maurice 
Poole. 

Imber, Richard Charles. 
Isted, Charles Robert. 
Jackson, Peter Ernest. 
Jennings, Henry Walton. 
Jbshua, Josh S., B.Sc. 
Keitli, Ian Duncan. 
Kingston, Ernest Harold. 
Kirkwood, George. 
Leicester, Graham Alfred. 
Lewitt, Victor Max. 

Lott, John Edward. 

Lunau, Frank William. 
McBean, Plamish Russell. 
Machent, Harry. 


Mase, Brian James. 
Mattos, Albert Venancio. 
Melton, Charles New- 
combe. 

Mercer, Arthur Keith. 
Metz, Philip Henry. 

Mills, John Ernest P. 
Mitchell, Alexander Henry. 
Morrison, Norman. 
Natarajan, V. 

O'Donnell, Alexander. 
Page, Stephen. 

Palmer, Clifford Oliver J. 
G. 

Palmer, Francis Charles 
W. 

Panchamritam, N. R. 
Panter, Francis Hugh. 
Phillips, Brian Selsey. 
Price, Gordon Wesley. 
Prout, Reginald Wilfred. 
Puttock, Ronald William. 
Qualtrough, John David¬ 
son. 

Ramabhadran, G. N., 

B. A. 

Rawling, Robert Sydney. 
Richardson, William. 
Roberts, David Edmund 

C. 

Roberts, John. 

Robertson, Robert George. 
Rose, John Cyril. 
Sanderson, John Laurence. 
Saunders, Joseph Brown. 
Saxby, Francis Hugh. 
Scattergood, < Gordon Ed¬ 
win. 

Seckham, Charles Cooper. 
Selby-Lowndes, Edward 
Douglas W. 

Shapland, Albert John. 
Shenton, John. 

Simmons, James Richard. 
Smail, James Elliot. 

Smith, Albert Fenton. 
Smith, Thomas Patrick. 
Stephen, Keith. 

Taylor, Ralph Clifton. 
Teale, Alan. 

Thackwell, Eian Alfred. 
Venkatesan, Sivaram. 

Vick, Alfred Spencer. 
Vickers, Cyril. 

Viegas, Fernando, B.Sc. 
Walker, Eric Frederick. 
Wardle, Leonard George. 
Westcott, John Hugh. 
Wighton, John Robert. 
Willson, Leslie Robert. 
Wolfendale, Frank. 
Younger, Joseph Henry. 


Allan, James. 

Antram, Alfred Harry. 
Burnand, Donald William, 
B.Sc.(Eng.). 

Chapter, Colin Falconer. 
Coombs, Frederick Leslie. 
Cox, Ronald Edgley, B.Sc. 
Crumblehulme, Leslie Ash¬ 
ton. 

Donovan, Timothy Denis. 
Ferguson, Oswald. 

Harris, Frederick Llewel¬ 
lyn. 

Hart, Francis. 

Harvey, J ohn Alistair F. 
Hay, William Jean, B.Sc. 
Hewson, John Elam. 
Kington, Cecil Newton, 
B.Sc. 

Long, George Richard. 
Lysons, Horace,B.Sc.Tech. 


Martin, Kenneth Spencer. 

Meiklejohn, William Ken¬ 
neth. 

Newman, Henry Daniel, 
Flight-Lieut. 

Parkin, Peter Hubert, 
B.Sc.(Eng.). 

Patel, ChinubhaiManibhai. 

Pikett, Cecil Charles. 

Rogers, Robert William. 

Savage, John Openshaw. 

Spinney, Roger Edwin, 
B.Sc. 

Sutton, George Gurney, 
B.Sc.(Eng.). 

Walker, Sydney Alfred. 

Wallis, James Grainger. 

Watson, Archibald Dick C. 

Wilkinson, Donald Fred¬ 
eric, B.Sc.(Eng.). 

Wyke, Richard Edgar B. 
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40,000 KVA, Transformer bank, 10.5/88 KV., 
with forced-oil-air-blast coolers, for South Africa. 
(Being erected for test at our Works.) 


WE MAKE 

Transformers of ALL Types 
Series or Shunt Reactors 
Step Voltage Regulators 
Arc Suppression Coils 
Oil Filter Presses 
Oil Testing Sets 
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THE BRITISH THOMSON-HOUSTON COMPANY LIMITED, RUGBY, ENGLAND. 
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Developed by Ferranti to correct 
automatically the voltage variations 
in long transmission lines, the 
Moving Coil Voltage Regulators 
provide a complete solution to the 
problem of voltage variations* 

The gear is short-circuit proof. There are . 
no open contacts and periodic adjust¬ 
ment or maintenance is unnecessary. 
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MUIRHEAD AND COMPANY LIMITED ' , 

POR OYER 60 YEARS DESIGNEES & MAKERS OF PRECISION INSTRUMENTS 


' ChESE TWO MUIRHEAD CONDENSERS MAKE 

history. The one above is retiring after 50 years’ 
faithful service in a circuit where high insulation 
is essential. It is being pensioned off because 2 oi 
its 40 sections are now below standard, though the 
remainder still have an insulation resistance of 
17,000 megohms per micro-farad at 20° C. ! The 
lower condenser, specially designed for use in 
aircraft flying alternately in arctic and tropical 
conditions, has a different form but the same 
character. It is just starting on its career, and we 
have no fear of the story which will be written 
about this condenser 50 years from now. 

TELEPHONE : BECKENHAM 0041-0042 


ELMERS END, BECKENHAM, KENT 













MEMBERS OF THE C.M.A 


Greengate and 
Irwell Rubber Co, 
Ltd. 

W. T. Henley’s 
Telegraph Works 
Co. Ltd. 

The India-Rubber, 
Gutta-Percha 
and Telegraph 
Works Co. Ltd. 
(The Silvertown Co.) 

Johnson and 

Phillips Ltd. 

Liverpool Electric 
Cable Co. Ltd. 

The London 
Electric Wire Co, 
and Smiths Ltd* 

The Macintosh 
Cable Co. Ltd. 


The Metropolitan 
Electric Cable and 
Construction Co. 

Ltd. 


The Anchor 

Cable Co. Ltd. 

British Insulated 
Cables Ltd. 


Pirelli-General 
Cable Works Ltd. 
(General Electric 
Co. Ltd.) 

St. Helens Cable 
& Rubber Co. Ltd. 


Callender’s Cable 
and Construction 
Co. Ltd. 


to B.S. Specification, you are reasonably assured 
of (I), no matter from whom you purchase, 
(2), (3), (4), (5) and (6) can only be secured 
to full advantage when you buy from a firm 
of established repute and long experience, 
such as those who are members of the 
Cable Makers Association. 

These items are inescapably part of the cost. 
They are worth paying for. 


The Craigpark 
Electric Cable Co. 

Ltd. 

Crompton 
Parkinson Ltd. 
(Derby Cables 

Ltd.) 

The Enfield Cable 
Works Ltd. 


Siemens Brothers 
and Co. Ltd. 
(Siemens Electric 
Lamps and 

Supplies Ltd.) 

Standard 
Telephones and 

Cables Ltd. 


Edison Swan 

Cables Ltd. 

W, T. Glover and 
Co. Ltd. 


Union Cable Co. 

Ltd. 



Advt. of the Cable Makers' Association, High Holborn House, 52-54 High Ho/born. London, W.C. I. ’Phone Holborn 7633 










As the result of many years’ experience in traction battery charging, 
“h. V j Westinghouse CK.rger, for d«trk -M* 

batteries has been redesigned and extended to 57 different models 
covering all types of battery from the small capacity 12-cell type use 
for small industrial trucks, up to 48 cells for large road vehicles. 

The electrical characteristics remain unaltered-no improvement was neces- 
Iry t t r sp ect-the change in design being purely mechanical to produce 
hghter, smaller P and more easily handled chargers with quicker and cheaper 

installation. 

Most of these new models are now in 
production and are being used to fill 
orders, the exception being the sizes of 
which stocks still exist of the old pattern. 


Represented in INDIA by 
Saxby & Farmer (India) Ltd. 
Calcutta. 


Represented in AUSTRALIA by 
McKenzie & Holland (Australia) 
Pty. Ltd., Melbourne. 


WRITE FOR DETAILS TO DEPT. BOSS 

WESTINGHOUSE BRAKE & SIGNAL CO. LTD. 

PEW HILL HOUSE, CHIPPENHAM, WILTS. 
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BABCOCK HOUSE, FARRINGDON ST 
LONDON, E.C.4. 


PHOTOGRAPHS BY COURTESY OF AUSTIN MOTOR COY. LTD , 


WITH A CAR 


the single control of the 
accelerator determines the 
power output of the engine. 


MILL 


w:th a type 


the single control of the 
damper on the air to mill 
supply determines the out¬ 
put of pulverised coal from 
the mill. 
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LET US ADVISE YOU ON YOUR NEXT CABLE PROBLEM 


WOOLWICH , LONDON, S.E.I8 


Telephone : WOOLWICH 2020 


ESTABLISHED 1856 


AH Cables can be suppliedwith any type of armouring 
For underwater use, cables are provided with a special 















I.E.E. Journal Advertisements (x) 



wEl 






0 Designed to maintain any type of battery 
between two voltage limits for long 
periods without attention. 

0 Unaffected by vibration. 

0 No exposed contacts. 

0 Incorporating the Standard Selenium 
Rectifier, this charger provides the ideal 
means for keeping batteries used for 
intermittent service in good condition. 

0 The Control Unit shown is normally 
mounted inside the set and can be 
instantly removed for calibration. 

0 Bulletin S.R.151 gladly supplied upon 
request. 


MANUFACTURED 
AT OUR 

NEW SOUTHGATE 
FACTORY 


Imatic Battery Charger and Control 
(tKe'Control Unit is normally mounted 
inside the main set). 


OAKLEIGH ROAD, NEW SOUTHGATE, LONDON, N.ll 

Telephone: ENTERPRISE 1234 . 
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BRITISH INSULATED GABLES LTD. 


PRESOOT, LANCASHIRE ” Telephone No.: PRESCOT 6571 
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Phone Temple Bar 45 06 Grains Stronger. Est rand London 
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Phone Old Swan 4830 Grams Stronger. Liverpool 
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THE WISE ELECTRICAL ENGINEER 


always uses 



SUPER QUALITY 

ENAMELLED WIRES 

In the production of Lewcos Enamelled 
Wires no detail, however apparently 
insignificant, is left to chance. Test 
upon test is carried out to ensure the 
maintenance of the high standard of 
quality we have set. 



# 

Lewcos Enamelled Wires more 
than meet the requirements 
of B.S. No. 156 - 1936 


THE LONOON ELECTRIC WIRE COMPANY AND SMITHS, LIMITED. CHURCH ROAD. LEYTON. LONDON, E.10 



INDISPENSABLE 

wherever there is 

ELECTRICAL EQUIPMENT 


One Instrument 

measures 

Current, A.C./D.C. 
Voltage, A.C./D.C. 
Resistance 
Capacity 

Audio-Frequency 
Power Output 
Decibels 


Also available- 

Model 7 Resistance 
Range Extension 
Unit (for measure¬ 
ments down to 
i/xoo th ohm). 
40-range Universal 
AvoMeter. 
j^-^ange D.C. Avo- 
MeteS'. 

Universal Avo- 
Minor. 

H.R. AvoMinor. 

• Avo’ 

Low Resistance 
Ohmmeter. 

• 

Write for fuiiy 
descriptive literature 
and current prices. 


' Because of its outstanding versatility, accuracy 
and simplicity the Model 7 Universal AvoMeter is 
the most widely used of all test meters. A compact 
multi-range A.C./D.C. instrument, it provides for 
46 ranges of direct readings covering every essential 
electrical test. No external shunts or multipliers. 
Selection of any range by means of two simple 
switches. B.S. 1st Grade accuracy. Automatic 
cut-out protects meter against severe overload. 


Jlu 46-RANGE UNIVERSAL 


Electrical Me asuring Instrument K jj ] j 

BRITISH MADE 


Sole Proprietors & Manufacturers: 

THE AUTOMATIC COIL WINDER & ELECTRICAL EQUIPMENT CO., LTD. 
Winder House, Douglas Street, London, S.W.1 Phone Victoria 3404-7 


NOTE 


Advertisement copy and blocks should 
reach the authorized agents, Industrial 
Publicity Service, Ltd., 4 Red Lion Court, 
Fleet Street, E.C. 4 (Telephone: Central 
8614), not later than the 16th of each month 
for publication the following month. 
Inquiries regarding space in this section 
of the Joumal should be addressed to the 
Manager. 








One of the very many types 
available within a few hours 
from receipt of order. 


CATALOGUE ON REQUEST 


REGISTERED 


TRADE-MARK 


RESISTANCES 


ventilating Buildings, Ships and Mines; 
providing Mechanical Draught on 
'Boilers; blowing Forges, Furnaces and 
Cupolas; exhausting Metal Dust and 
Wood Refuse; removing Fumes, Smoke 
and Steam; Drying; Warming; Cooling; 
Refrigerating; Conveying, etc. 

KEITH BLACKMAN 

Head Office & London Works: 

MILL MEAJD ROAD, LONDON, N.17. 

’Phono: TOTtenhaxn 4522 . ’Grams: “Keithblae, Phone, London.” 


FANS 

and 

auxiliary equipment 


I.E.E. Journal Advertisements 


jj BUOU’ CIRCUIT BREAKERS 

|J For use on A.C. and D.C. circuits !! 

|| up to 250 volts, 20 amps. ■ n 

11 Power type Circuit Breakers also ■ jj 

SS supplied. ■ ■ 

= 1 Ask for quotations. 11 

if NALDER BROS^IHOMPSON L TD II 


'Phone : CUSSOLD 2365 (J Unas). 

'Crams : OCCLUDE, HACK, LONOON 


c ) s mmsm 


DALSTON LANE WORKS. 
LONDON. E.8. 


ZENITH WORKS, VILLI ERS ROAD 
WILLESDEN GREEN, LONDON, N.W.2 

’Phone; WILIesden 4087-8-9 'Grams: “Voltaohm, Phone, London” 


The above illustration of a 180-inch “K.B.” Fan Runner 
with three smaller runners alongside gives some idea, of 
our manufacturing facilities. 


The ZENITH ELECTRIC CO. Ltd 

Sole Makers of the well-known ‘‘ZENITH" Electrical Products 


Manufactured by specialists, built for durability, 
and entirely British 
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62,500 KVA Turbo-alternator, one of 



ELECTRICAL 

PLANT 




TURBO-PLANT 


TRANSFORMERS 


METAL-CLAD 

SWITCHGEAR 


A pumpless air-cooled steel-clad 


three secs at a Midlands power station. 


11 KV -1,000,000 KVA metal-clad 
switchgear for sScottish Undertaking. 


The G.E.G. manu¬ 
factures every type 
of electrical power 
plant and control 
gear, including the 
largest units needed 
in modern service. 


30,000 KVA 132/66 kV transformer 
for the British Grid. 


Mercury Arc Rectifier for installation 
underground in a South African mine. 




THE GENERAL ELECTRIC CO. LTD., MAGNET HOUSE, KINGSWAY, LONDON, W.C.2 







































LOCAL CENTRES AND 

NORTH-WESTERN CENTRE. 

Chairman. —O. PIowarth. 

Hon. Secretary. —L. H. A. Carr, M.Sc.Tech., “ Oakleigh,” 
Cambridge Road, Hale, Altrincham, Cheshire. 

SCOTTISH CENTRE. 

Chairman. — Prof. S. Parker Smith, D.Sc, 

Hon. Secretary. —R. B. Mitchell, 154, West George Street, 
Glasgow, C.2. 

Hon. Assist. Secretary. —H. V. Henniker, 172, Craigleith 
Road, Edinburgh. 

Dundee Sub-Centre. 

Chairman. —A. A. B. Martin, B.Sc. 

Hon. Secretary .— P. Philip, c/o Electricity Supply Dept., 
Dudhope Crescent Road, Dundee. 

SOUTH MIDLAND CENTRE. 

Chairman —H. Joseph. 

Acting Hon. Secretary .—H. Hooper, 05, New Street, Bir¬ 
mingham. 

East Midland Sub-Centre. 

Chairman. —S. J. R. Allwood. 

Hon. Secretary. —J. F. Driver, Brighton House, Herrick 
Road, Loughborough. 


INFORMAL MEETINGS. 

Chairman of Committee. —M. Whitgift. 

METER AND INSTRUMENT SECTION. 

Chairman. —F. E. J. Ockenden. 


SUB-CENTRES— Continued. 

WESTERN CENTRE. 

Chairman. —T. E. Alger. 

Hon. Secretary. —G. L. Coventon, 126, London Road, 
Gloucester. 

Devon and Cornwall Sub-Centre. 

Chairman .— E. F. Kill. 

Acting Hon. Secretary. —C. J. Hocking, Plymouth Corporation 
Electricity Dept., Armada Street, Plymouth. 

West Wales (Swansea) Sub-Centre. 

Chairman. —A. Rees. 

Hon. Secretary. —R. Richards, 78, Glanbrydan Avenue. 
Swansea. 


Hampshire Sub-Centre (directly under the Council). 
Chairman. —W. S. Lonsdale. * 

Hon. Secretary. —A. G. Hiscock, c/o City of Portsmouth 
Electricity Undertaking, 111, High Street. Portsmouth, 
Hants. 

Northern Ireland Sub-Centre (directly under the Council). 
Chairman. —J. F. Gillies, B.E., B.Sc.(Eng .), Ph.D. 

Hon. Secretary. — J. McCandless, M.Sc., Burn Brae, Strang- 
ford Avenue, Belfast. 

TRANSMISSION SECTION. 

Chairman. —F. W, Purse. 

WIRELESS SECTION. 

Chairman. —E. B. Moullin, M.A., Sc.D. 


OVERSEAS COMMITTEES. 


AUSTRALIA. 

New South Wales. 

Chairman .—V. L. Molloy. 

Hon. Secretary .— 

Queensland. 

Chairman and Hon. Secretary. — J. S. Just, c/o Box 10G7n, 
G.P.O., Brisbane. 

South Australia. 

Chairman and Hon. Secretary. —F. W. H. Wheadon, Kelvin 
Building, North Terrace, Adelaide. 

Victoria and Tasmania. 

Chairman and Hon. Secretary. —H. R. Harper, 22-32, William 
Street, Melbourne. 

Western Australia. 

Chairman .—J. R. W. Gardam. 

Hon. Secretary. —A. E. Lambert, B.E., c/o City of Perth 
Electricity and Gas Dept., 132, Murray Street, Perth. 

CEYLON. 

Chairman. — Major C. H. Brazf.l, M.C. 

Hon. Secretary. —D. P. Bennett, c/o Messrs. Walker, Sons 
& Co., Ltd., Colombo. 


INDIA. 

Bombay. 

Chairman. —R, G. Higham, 

Hon. Secretary. —A. L. Guilford, B.Sc.Tech., Electric House, 
Post Fort, Bombay. 

Calcutta. 

Chairman. —F. T. Homan. 

Hon. Secretary. — D. H. P. Henderson, c/o Calcutta Electric 
Supply Corporation, Post Box 304, Calcutta. 

Lahore. 

Chairman. —V. F. Critchley. 

Hon. Secretary. — Saudagar Singh, M.Sc., Electrical Engineer 
to Government, Punjab, McLeod Road, Lahore. 

Madras. 

Chairman. —E. J.'B. Greenwood. 

Hon. Secretary. —W. de Bruyn, District Electrical Engineer, 
M. & S.M. Railway, Perambur, Madras. 

NEW ZEALAND. 

Chairman and Acting Hon. Secretary. —F. T. M. Kissel, B.Sc., 
Public Works Dept., Wellington. 

SOUTH AFRICA. 

Transvaal. 

Chairman and Hon. Secretary .— W. Elsdon-Dew, Box 4563, 
Johannesburg. 


LOCAL HONORARY SECRETARIES ABROAD. 


ARGENTINA: R. G. Parrott, Tucuman 117, Buenos 
Aires. 

CANADA: A. B. Cooper, Ferranti Electric Ltd., Mount 
Dennis, Toronto, 9. 

CAPE, NATAL, AND RHODESIA: G. II. Swingler, City 
Electrical Engineer, Corporation Electricity Dept., Cape 
Town. 

FRANCE: P. M. J. Ailleret, 20, Rije Hamelin, Paris (16 e ). 

HOLLAND: W. Lulofs, D.Ing., Hoogte Kadijk, 200, Amster¬ 
dam, C. 

INDIA: K. G. Sillar, c/o Calcutta Electric Supply Corpora¬ 
tion, Post Box 304, Calcutta. 

ITALY: L. Emanueli, Via Fabio Filzi, 21, Milan. 

JAPAN: I. Nakai-iara, No. 40, Ichigaya Tanimachi. 
Ushigomeku, Tokio. 


NEW SOUTH WALES: V. J. F. Brain, B.E., Chief Electrical 
Engineer, Department of Public Works, Bridge Street, 
Sydney. . # 

NEW ZEALAND: F. T. M. Kissel, B.Sc., Public Works Dept., 
Wellington (Acting). 

QUEENSLAND: J. S. Just, c/o Box 1067n, G.P.O., Brisbane. 
SOUTH AUSTRALIA: F. W. H. Wheadon, Kelvin Building, 

North Terrace, Adelaide. 

TRANSVAAL: W. Elsdon-Dew, Box 4563, Johannesburg, 
UNITED STATES OF AMERICA: Gano Dunn, c/o The 
J. G. White Engineering Corporation, 80, Broad Street 
New York, N.Y. 

VICTORIA AND TASMANIA: H. R. Harper, 22-32, William 

Street, Melbourne. 

WESTERN AUSTRALIA: Prof. P. H. Fraenkel, B.E. 
The University of Western Australia, Crawley. Perth, 


(III) 



STUDENTS’ SECTIONS. 


LONDON. 

Chairman. —A. H. Young. 

Hon. Secretary. —G. King, B.Sc.(Eng.), 42, Festing 
Grove, Southsea, Hants. 

NORTH-WESTERN. 

Chairman. —C. B. Simpson. 

Hem. Secretary. —R. M. A. Smith, Meter Engineering 
Dept., Metropolitan-Vickers Electrical Co., Ltd., 
Trafford Park, Manchester, 17. 

SCOTTISH. 

Chairman .— H. C. Ste\%nson. 

Hem. Secretary .— J. S. Tait, ]£, Buccleucli Avenue, 
Clarkston, Glasgow. 

NORTH-EASTERN. 

Chairman. —A. T. Crawford. 

Acting Hon. Secretary. —R. Bruce, 11, Manor House 
Road, Jesmond, Newcastle-on-Tyne. 


MERSEY AND NORTH WALES (LIVERPOOL). 

Chairman. —R. D. Haigh, M.Eng. 

Hon. Secretary. —T. W. Hunt, Laboratories of Applied 
Electricity, The University, Liverpool. 3. 

SOUTH MIDLAND. 

Chairman. —H. J. Sheppard, B.Sc. 

Hon. Secretary. —C. PI. Bottrell, 34, Arthur Road, 
Erdington, Birmingham. 

NORTH MIDLAND.*. 

Chairman .— F. R. Haigh. 

Hon. Secretary. —A. E. Cunningham, 25, Kelcliffe 
Lane, Restmore Estate, Guiseley, Leeds. 

SHEFFIELD. 

Chairman . —B. Calvert. 

Hon. Secretary. —J, H. H. Teece, c/o Metropolitan- 
Vickers Electrical Co., Ltd., Howard Gallery, 
Chapel Walk, Sheffield, 1. 


BRISTOL. 

Chairman. —H. D. Weeks, B.Sc. (Eng.). 

Hon. Secretary. —J. W. Dorrinton, 45, Trelawney Road, Cotham, Bristol, 6. 


THE I.E.E. BENEVOLENT FUND. 

The object of the I.E.E. Benevolent Fund is to help 
those members of The Institution and their dependants 
who have suffered a set-back through ill-health, or who 
are passing through times of stress. 

HOW TO HELP THE FUND 

1. Annual Subscriptions. 

2. Donations. 

3. Legacies. 

Though your gift be small, please do not hesitate to send it. 

Subscriptions and Donations should be addressed to 

THE HONORARY SECRETARY, THE BENEVOLENT FUND, 

THE INSTITUTION OF ELECTRICAL ENGINEERS, 

SAVOY PLACE, W.C.z. 


LOCAL HON. TREASURERS OF THE FUND. 

mrttO) E P kmiL yTr™ 1 "' *3* M ‘ d,a " dCentn: H Hooper. WestfrlCenfn: 
{ so j a. i . Knill, (Cardiff) j. W. Elliott. Hampshire Sub-Centre: W. P. Conly, M.Sc. 
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